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Abstract 
 
Lampreys (Petromyzontiformes) are jawless vertebrates with an evolutionary history lasting at 
least 360 million years and are often used in comparisons with jawed vertebrates because some 
of their morphological aspects, such as the segmented trunk musculature with curved myosepta 
and a non-mineralized skeleton fibrous skeleton, are thought to resemble the condition of early 
vertebrates before the evolution of jaws. Although earlier authors studied the morphology of the 
skeleto-muscular system of the trunk of lampreys, their studies are not detailed and complete 
enough to allow a functional and biomechanical analysis that is needed as a basis for modeling 
the mechanics of lamprey locomotion and for understanding the causal roles played by the 
anatomical structures within the trunk. Questions remain, such as what is the architecture of the 
trunk fibroskeleton, and how does it function with the musculature to bend the trunk? This 
dissertation studied the functional, ecological and evolutionary morphology of the trunk of Sea 
Lampreys (Petromyzon marinus) as well as its relevance in understanding the environmental 
history of landlocked lamprey populations. Functional morphology revealed that the 
fibroskeleton of the trunk is a self-supporting concatenated system of fibers, which creates a 
scaffold for the musculature and transmits forces to bend the trunk during swimming. Ecological 
morphology demonstrated the adaptive advantage of the fibroskeleton’s architecture, which 
enables the movements that are performed during migration and spawning and gives lampreys 
the capacity to colonize upstream realms. These results help explain the evolutionary 
morphology of lampreys, which likely originated in freshwater as algal feeders and evolved into 
parasites after going through an intermediary scavenging stage. When these insights are applied 
to the evolution of landlocked Sea Lampreys, it becomes evident that their entry into freshwater 
lakes occurred as soon as they were able to reach them and that populations likely became 
established in Lake Ontario, Lake Champlain, and the Finger Lakes thousands of years ago. This 
insight undermines the current status of landlocked Sea Lampreys as invasive species in these 
lakes and the case for their eradication. Hence, this dissertation provides a comprehensive and 
integrative analysis of lamprey biology from their anatomy to environmental policy. 
 
 
 
1 
 Introduction to the Dissertation 
 
Lampreys (Petromyzontiformes; Renaud 2011) are jawless vertebrates (Janvier 2011; Potter et 
al. 2015) with an evolutionary history lasting at least 360 million years (Gess et al. 2006; 
Miyashita et al. 2019). They are often used in comparisons with jawed vertebrates because some 
of their morphological aspects, such as the segmented trunk musculature with curved myosepta 
(instead of complexly folded ones as in the gnathostome fishes) and a non-mineralized skeleton 
fibrous skeleton, are thought to resemble the condition of early vertebrates before the evolution 
of jaws (Janvier 2006; Vogel and Gemballa 2000; Homberger and Walker 2004; Kardong 2009). 
As models of early vertebrates, lampreys can provide insight into the morphological basis of 
early piscine vertebrate locomotion. 
Although earlier authors studied the morphology of the skeleto-muscular system of the 
trunk of lampreys (Maurer 1894; Marinelli and Strenger 1954), their studies are not detailed and 
complete enough to allow a functional and biomechanical analysis that is needed as a basis for 
modeling the mechanics of lamprey locomotion and for understanding the causal roles played by 
the anatomical structures within the trunk. Questions remain, such as what is the architecture of 
the trunk fibroskeleton, and how does it function with the musculature to bend the trunk?  
Lampreys begin life and continue to live as semi-sessile filter feeding larvae buried in the 
sandy bottoms of rivers and streams for a number of years (Hardisty and Potter 1971; Dawson et 
al. 2015). Of the 41 extant lamprey species, 18 metamorphose into parasitic adults that feed on 
the body fluids and flesh of bony fishes and marine mammals, whereas the other species 
metamorphose into adults that do not feed (Potter et al. 2015). Half of the parasitic species are 
anadromous and migrate to marine environments to feed, whereas all other lamprey species 
remain in freshwater (Potter et al. 2015).  
All reproductively mature lampreys migrate to spawning grounds in rivers and streams to 
build nests and reproduce. This migration poses extreme challenges for locomotion and requires 
a wide range of movements, such as those involved in climbing waterfalls or building nests, and 
is, therefore, a selectively intense life stage for the functional morphology of the trunk. However, 
the trunk’s functional morphology by itself cannot explain the ecological role and adaptive 
significance of the trunk architecture. Only a study of the locomotory behavior of spawning 
lampreys in their natural environment, in addition to a study of the functional morphology, can 
provide an understanding of how the trunk’s construction and functioning enable lampreys to 
interact successfully with their natural environment. It is from this interaction that arises the 
selective regime that molds the morphology and behavior of lampreys. It is an understanding of 
the selective regime that allows the evolutionary history of lampreys to be reconstructed as an 
adaptive scenario which explains how and why certain of the lamprey’s traits evolved.  
An understanding of the evolutionary morphology of lampreys can also serve as a basis 
for tracing the evolution of landlocked freshwater parasitic lampreys from anadromous species, 
such as the Sea Lampreys (Petromyzon marinus) in Lake Ontario, Lake Champlain and the 
Finger Lakes, and to critically review their status as an invasive species.    
The present dissertation is centered on a study of the functional morphology of the 
skeleto-muscular system of the trunk of the Sea Lamprey as a model species (see Fig. 1.1). In 
Chapter 2 of this dissertation, the locomotory behavior of spawning Sea Lampreys in their 
natural environment is analyzed in order to understand the ecological role of the trunk during a 
challenging period of their lives. This analysis provides a biological framework for a functional 
study of the trunk anatomy. In Chapter 3, the 3D morphology of the connective tissue myosepta 
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and axial organs is reconstructed to provide a three-dimensional context for analyzing the 
fibroskeleton of the trunk. Since models are important tools in morphology for describing, 
understanding, and explaining the inherent complexity of organisms, in Chapter 4, the theoretical 
Figure 1.1. Diagram of conceptual relationships among the topics of this dissertation. 
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and philosophical role of models in morphology is analyzed by using the 3D model of the 
lamprey trunk as an example. In order to functionally interpret the anatomy of the trunk, relevant 
theoretical and biomechanical principles are described in Chapter 5. In Chapter 6, the anatomy of 
the Sea Lamprey is described and functionally analyzed and a biomechanical model for bending 
the trunk is presented. In Chapter 7, the insights gained from the functional analysis of the Sea 
Lamprey trunk are used as a basis for developing adaptive scenarios about the origin and 
evolution of lampreys and about the evolutionary relationship between landlocked and 
anadromous Sea Lampreys. In Chapter 8, the origin of landlocked Sea Lampreys motivates a 
reanalysis of their historical status as an invasive species. In Chapter 9, the significance of this 
study and important insights are discussed.   
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 Behavioral Observations of Swimming, Nesting, and Spawning Sea 
Lampreys (Petromyzon marinus) 
 
 Introduction 
 
In order to understand the ecological role and adaptive significance of the lamprey trunk, field 
observations of lampreys behaving in their natural environment are needed (Wood et al. 2015, 
2016). Lamprey species are distributed antitropically in cool waters of the Northern and Southern 
Hemisphere due to the lethality of temperatures above 30 °C for lamprey larvae (Hardisty and 
Potter 1971a; Hubbs and Potter 1971; Potter and Beamish 1975; Potter et al. 2015). All lamprey 
species spawn in rivers and streams where they build nests out of stones collected from the river 
substrate (Hardisty and Potter 1971b; Johnson et al. 2015). To reach their spawning grounds, 
they migrate upstream either from marine environments if they are one of the nine anadromous 
species or from a large freshwater lake or river if they are one of the remaining 32 freshwater 
species (Moser et al. 2015; Potter et al. 2015) After spawning only once (i.e., they are 
semelparous), they die within days (Hardisty and Potter 1971b; Potter et al. 2015).1   
Anadromous Sea Lampreys (Petromyzon marinus) spawn in May-June of each year in 
tributaries of the Connecticut River (Kynard and Horgan 2019) after migrating from the Atlantic 
Ocean where they feed for two years on the blood (see Renaud et al. 2009b) of sharks (Gallant et 
al. 2006), bony fishes (Hardisty and Potter 1971b), and marine mammals (Nichols and Hamilton 
2004; Nichols and Tscherter 2011; Samarra et al. 2012). This migration poses extreme 
challenges for locomotion and requires a wide range of movements, such as those involved in 
climbing waterfalls or building nests (Wood et al. 2015, 2016). These movements are observable 
once Sea Lampreys reach their spawning grounds, which are in clear shallow streams. Other 
behaviors related to spawning, such as social interactions, are also observable at this time.      
 Field observations of Sea Lamprey behaviors were made during four spawning seasons in 
two tributaries of the Connecticut River and serve as a basis for proposing an ethogram of their 
behaviors to provide an ecological basis for functional interpretations of their trunk morphology.  
  
 Materials and Methods 
 
 Materials 
 
Anadromous Sea Lampreys (Petromyzon marinus) were observed over four reproductive seasons 
(i.e., 2012, 2014, 2015, and 2016) in late May and early-mid June in the Fort and Sawmill 
Rivers, which are two tributaries of the Connecticut River located in Massachusetts (Fig. 2.1).  
In the Fort River, lampreys were observed within an upstream and a downstream section 
near Amherst, MA. The Pelham Section is upstream near the crossing of the Pelham Road bridge 
and begins at river kilometer 29.5 and extends ~335 m downstream from the confluence of 
Adams and Amethyst Brook, which form the headwaters of the Fort River (Kynard and Horgan 
2019) (Fig. 2.2). The Groff Section is downstream near Groff Park and begins at river kilometer 
14 and extends ~375 m downstream along the edge of Groff Park (Kynard and Horgan 2019) 
                                                 
1 Michael (1980, 1984) provides evidence of repeat spawning in Pacific Lampreys (Entosphenus tridentata) based 
on observations of reproductively mature downstream migrants and on repeat trapping of individuals that were 
marked in a previous year.  
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(Fig. 2.3). Both sections comprise run, riffle (i.e., shallow and high velocity water flowing over a 
submerged landform), and pool habitats with an abundance of stone and gravel substrate and are 
shaded by a dense riparian cover (Figs. 2.2; 2.3).  
The stretch of the Fort River between the Pelham and Groff Sections was traversed on 
foot in June 2014 to survey the obstacles faced by migrating Sea Lampreys that year. One beaver 
dam and multiple debris dams were encountered (Fig. 2.4). River blockage by the beaver dam 
caused water levels to differ between the upstream and downstream sides of the dam by 
approximately half a meter (Fig. 2.4A).   
In the Sawmill River, Sea Lampreys were observed within a segment between the 
upstream crossing of Main Street to the downstream crossing of Meadow Road near Montague, 
MA. This segment contains a two-tier waterfall, which is separated by a deep pool, and 
downstream riffle and run habitats, which are shaded by dense riparian cover (Fig. 2.5).  
In order to describe Sea Lamprey climbing behaviors on the waterfalls of the Sawmill 
River, the anatomy of waterfalls is briefly reviewed (see Ensminger and Bassett 2018). A 
waterfall is any sudden descent of a stream over a rock face. It begins its descent at its crest and 
flows down its vertical face to its base. Chutes are formed when water cascades down a narrow 
slope, whereas slides are formed when water cascades down a broad slope. Before reaching the 
Figure 2.1. Map of Connecticut River (blue), Fort River (red), and Sawmill River (purple). 
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base, falling water may impact horizontal breaks, which vertically subdivide waterfalls into 
leaps. 
The upstream tier of the waterfall within the segment of the Sawmill River has a low 
height and a broad vertical face. On the right side there are multiple breaks, which are 
interconnected by short chutes. The downstream tier of the waterfall has two chutes on its left 
and a large, broad slide extending from its middle to the right. The high velocity (not quantified) 
water flowing down the chutes and the slide was approximately 10-20 cm deep.  
 
 Methods 
 
Photographs and video recordings of behaviors were made underwater by attaching a Panasonic 
Lumix DMC-TS20 or a Panasonic Lumix DMC-TS5 camera to an extensible handheld camera 
monopod. All observations were made during the daylight hours between late morning and early 
evening to maximize observational visibility.  
 Observations were made for approximately six hours each day for approximately 50 days 
over the four spawning seasons. More than 20 nests and 100 lampreys were observed. 
 
Figure 2.2. Photographs of the habitats within the Pelham Section of the Fort River near 
Amherst, MA. (A) Downstream view of upper half of reach near headwaters (P1000017, June 
2015). (B) Downstream view of lower half of reach (P1010055, June 2012). 
(figure cont’d.) 
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 Results 
 
 The External Morphology of Sea Lampreys 
 
Sea Lampreys are elongate and have scale-less skin. Their body can be subdivided into three 
regions based on external anatomical landmarks (Hardisty 1986): The head extends from the 
mouth, or buccal funnel, to the caudal edge of last gill pore; the trunk extends from the caudal 
edge of the last gill pore to the cloaca and bears the first dorsal fin; and the tail extends from the 
cloaca to the caudal fin and bears the second dorsal fin (Fig. 2.6). Reproductively mature males 
possess a thickened mid-dorsal ridge called the rope, which runs from the head to the first dorsal 
fin (Fig. 2.7).  
 The head contains the sensory organs, such as the eyes for vision, the pineal eye for light 
detection, and the nasohypophysial opening for olfaction, and the respiratory organs, such as the 
gill openings and the mouth (Fig. 2.8). The mouth and buccal funnel are in the snout, which 
forms the rostral portion of the head from the rostral tip of the buccal funnel to the eye. The 
buccal funnel is peripherally lined with oral fimbriae (Fig. 2.8).  
The mouth of Sea Lampreys is their most important tool and is used to hold onto stones 
in high velocity rivers, to interact with other individuals, and to manipulate stones while building 
nests (Fig. 2.9). It is lined with conical cornified teeth, which are arranged in pairs immediately 
9 
around the opening of the mouth and individually toward the margin of the buccal funnel (Fig. 
2.10). 
 
 An Ethogram of Spawning Sea Lamprey Behavior 
 
An ethogram for the behavior of spawning Sea Lampreys is proposed in Table 2.1. and the 
behaviors therein are described below.  
 
 Locomotion 
 
Steady swimming is characterized by anguilliform locomotion (see Breder 1926; Barton 2007) in 
which sinusoidal undulatory waves are passed from the head to the tail and has two modalities: 
Cruising and maintaining position. Cruising is steady swimming that involves an upstream, 
downstream, or side stream position change. Maintaining position is steady swimming that does 
not involve position change (Fig. 2.11). During steady swimming, the mouth is closed, and the 
snout is either aligned with the body when swimming within the water column or raised when 
swimming along the river bottom (Fig. 2.12).  
Figure 2.3. Photograph of upstream view of habitat within the Groff Section of the Fort River 
near Amherst, MA (P1000003, June 2015). 
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Table 2.1. Ethogram for spawning anadromous Sea Lampreys (Petromyzon marinus) 
Type of 
Behavior 
Behavior Description of Behavior 
Locomotion 
 
 
 
 
Steady swimming Lamprey swims with typical anguilliform locomotion.  
Rapid swimming Lamprey swims by rapidly oscillating body.  
Backward swimming Lamprey swims tail first in reverse direction. 
Sharp turning Lamprey turns head in sharp bend to face 180°. 
Recoil behavior Lamprey curls tail to pull head backward. 
Downstream floating Lamprey floats downstream with current while minimally 
undulating. 
Stationary Piddling behavior Lamprey slowly and aimlessly moves about without 
undulating or attaching to a stone. 
Resting behavior Lamprey remains attached to rock for more than 30 seconds 
after being active. 
Waiting behavior Lamprey remains attached to rock for hours. 
Climbing 
Behaviors 
Chute/slide attachment Lamprey attaches to a chute or rockslide. 
Chute/slide burst Lamprey vigorously oscillates body to ascend chute or 
rockslide.   
Elevated attachment Lamprey attaches to rock face or break with head partially 
exposed to air.  
Elevated burst Lamprey vigorously oscillates body to ascend rock face or 
break. 
Stone 
Moving 
Behaviors 
Stone dislodge attempt Lamprey attempts to move stone. 
Stone lifting Lamprey elevates a stone above substrate. 
Forward stone transport Lamprey pushes a stone toward a side of nest by vigorous 
undulations and side to side motions. 
Backward stone 
transport 
Lamprey drags a stone toward downstream side of nest by 
swimming backwards. 
Spawning 
Behaviors 
Spawning initiation Male lamprey slides mouth up either side of female lamprey 
to initiate spawning. 
Spawning acceptance Female lamprey remains attached to rock after male attaches 
to her head. 
Spawning rejection Female lamprey releases attachment to rock after male 
attaches to her head. 
Copulation (males in 
copulation twist; 
females in copulation 
flexion) 
Male lamprey attaches to head of female and twists body 
alongside of female to wrap his tail around the tail of the 
female. Female dorso-ventrally flexes at the head-trunk 
interface and extends tail. Both vigorously vibrate while 
releasing gametes. 
Non-
spawning 
Social 
Behaviors 
Nibbling behavior Lamprey gently contacts another lamprey with the buccal 
funnel but does not attempt to attach. 
Current toss Lamprey aggressively tosses another lamprey into 
downstream current above the nest. 
Escape 
Behaviors 
Recoil escape Lamprey escapes in opposite direction of disturbance or 
threat 
Arc escape Lamprey swims upstream and gradually arcs to swim 
downstream 
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Figure 2.4. Photographs of obstacles for migrating Sea Lampreys (Petromyzon marinus) on the 
Fort River between the Pelham and Groff Sections. (A) A beaver dam (P1010180, June 2014). 
Downstream is to the right. (B) A pile of woody debris (P1010184, June 2014). Downstream is 
to the top. 
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Rapid swimming is characterized by rapid oscillations from the head to the tail. During 
rapid swimming, the snout is lifted, the trunk is flexed, and the caudal fin is dropped (Fig. 2.13). 
In this position, the 2nd dorsal fin and the caudal fin resemble the dorsal and ventral lobes of a 
hypocercal tail. 
Backward swimming is characterized by anguilliform locomotion, but in contrast to 
steady swimming, sinusoidal undulatory waves are passed from the tail to the head (Fig. 2.14). In 
backward swimming, the undulatory waves are much larger than in steady swimming. 
Sharp turning is characterized by a quick C-shape curve of the body that repositions the 
head 180°. This behavior is often followed by either steady or rapid swimming. 
Recoil behavior is characterized by backwards movement caused by bending only the tail 
while the rest of the trunk remains straight.  
Downstream floating is characterized by drifting head-first with the downstream current 
and with minimal undulation.  
 
 
 
 
Figure 2.5. Photographs of the habitat within the Sawmill River near Montague, MA. (A) 
Upstream view of the two-tier waterfalls (P1020359, June 2016). (B) Downstream view below 
the waterfalls (P1000950, June 2015).   
(figure cont’d.) 
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Figure 2.6. Video screenshots of a Sea Lamprey (Petromyzon marinus; Video #00014, June 9, 
2016) in a flume to show the external anatomy and the major subdivisions of the body. Cranial is 
to the left. (A) Lateral view. (B) Ventral view.   
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 Stationary Behaviors 
 
Piddling behavior is characterized by slight side-to-side movements of the body within an area 
less than or equal to one square meter without undulating or attaching to a stone.  
Resting behavior is characterized by attaching onto a substrate with the mouth in order to 
anchor the body in place. It immediately follows a non-stationary behavior and has a duration of 
seconds to minutes before resuming non-stationary behaviors. Resting is often performed in 
plain sight (Fig. 2.15).  
Waiting behavior is characterized by remaining stationary with or without attaching onto 
a substrate with the mouth in order to anchor the body in place. In contrast to resting, waiting has 
a duration of hours and is performed by concealed lampreys that may be wedged into nooks and 
crannies among boulders or under river vegetation (Fig. 2.16). Large groups of individuals (i.e., 
more than 30; personal observation by April Adams) may wait in the same location. 
Figure 2.7. A photograph of a female and male Sea Lamprey (Petromyzon marinus; P1000021, 
June 2015) in the Pelham Section of the Fort River. The male performs a spawning initiation 
behavior to copulate with the female. Cranial is toward the top. 
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 Climbing Behaviors 
 
Chute/slide attachment is characterized by leaving the flowing water of the river body to attach 
onto a rock surface of a chute or slide (Fig. 2.17).  
 Chute/slide burst is characterized by vigorous oscillations of the trunk to propel the body 
up the chute or slide.  
Elevated attachment is characterized by leaving the flowing water of the river body to 
attach onto a rock face or break with the head partially exposed to the air (Fig. 2.18).  
Elevated burst is characterized by vigorous oscillations of the trunk and rapid jerking 
behaviors of the head to propel the body over a rock face or break. 
 
 Stone Moving Behaviors 
 
Stone dislodge attempt is characterized by attachment to a stone followed by vigorous 
undulations of the body. This behavior is used primarily when attempting to move large stones 
(Fig. 2.19), which are often embedded into the substrate and do not always budge.  
 Stone lifting is characterized by attachment to a stone followed by elevation of the head 
to lift the stone above the substrate (Fig. 2.20). This behavior is used primarily when moving 
small to medium stones that are similar in diameter to the buccal funnel.   
 Forward stone transport is characterized by swimming vigorously (between steady and 
rapid swimming) while holding a stone in the buccal funnel.  
Figure 2.8. A video screenshot of the head of a female Sea Lamprey (Petromyzon marinus; 
00095_mpeg, June 2015) resting in a nest in the Sawmill River near Montague, MA. 
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Figure 2.9. A video screenshot of the head of a male (foreground) and female Sea Lamprey 
(Petromyzon marinus; 00095_mpeg4, June 2015) in the Sawmill River near Montague, MA. The 
male has a stone in his mouth and is performing a backward stone transport behavior. 
Figure 2.10. Photographs of the mouth of two Sea Lampreys (Petromyzon marinus) (June 2016). 
Cranial is to the left. (A) Mouth of a lamprey attached to a Plexiglas panel (IMG_0314). (B) 
Mouth of a recently deceased lamprey to show the supraoral and infraoral teeth (P1020445). 
Symbols: * = piston tongue in entrance to mouth; + (white) = supraoral teeth; + (red) = infraoral 
teeth. 
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Figure 2.11. A video screenshot of a male (left) and female (right) Sea Lamprey (Petromyzon 
marinus; P1010175, June 2014) performing steady swimming to maintain position above their 
nest in the Sawmill River near Montague, MA. Downstream is to the lower right corner. 
 
 
Figure 2.12. A video screenshot of a female Sea Lamprey (Petromyzon marinus; 00014_mpeg4, 
May 2015) performing steady swimming with a raised snout along the bottom of the Fort River 
along the Pelham Section near Amherst, MA. 
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Figure 2.13. A video screenshot of a female Sea Lamprey (Petromyzon marinus; 00013_mpeg4, 
May 2015) performing rapid swimming in the Fort River within the Pelham Section near 
Amherst, MA. 
 
 
Figure 2.14. A video screenshot of two female (left and center) and a male Sea Lamprey 
(Petromyzon marinus; P1010018, June 2012) spawning in their nest in the Fort River along the 
Pelham Section near Amherst, MA. The center female lamprey is performing backward 
swimming as part of a backward stone transport behavior. Downstream is to the right. 
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Figure 2.15. A photograph of a male Sea Lamprey (Petromyzon marinus; P1020368, June 2016) 
displaying a resting behavior in the Sawmill River near Montague, MA. Downstream is to the 
right. 
 
Backward stone transport is characterized by backward swimming while holding a stone 
in the buccal funnel (Fig. 2.14).  
 
 Spawning Behaviors 
 
Spawning initiation is performed by males and is characterized by the sliding of his buccal 
funnel cranially along the dorsum of a female that is resting while attached to a stone. At the end 
of this behavior, the male attaches to the head of the female. This is the first of three behaviors 
that leads to copulation. 
 Spawning acceptance is performed by females and is characterized by remaining attached 
to a stone until the end of the spawning initiation behavior by a male. This is the second of three 
behaviors that leads to copulation (Fig. 2.21A).    
 Spawning rejection is performed by females and is characterized by releasing their 
attachment to a stone. This behavior aborts spawning.  
 Copulation twist is performed by males after spawning initiation and spawning 
acceptance. It is characterized by twisting the body from the point of attachment to the head of a 
female to the level of the cloaca of the female so that the tail of the male wraps around the trunk 
of the female between her 1st and 2nd dorsal fins. This is the third of three behaviors that leads to 
copulation and is performed simultaneously with female copulation flexion (Fig. 2.21B-D). 
 Copulation flexion is performed by females after spawning initiation and spawning 
acceptance. It is characterized by flexing the trunk 90 degrees at the junction between the head 
and the trunk. This is the third of three behaviors that leads to copulation and is performed 
simultaneously with male copulation twist (Fig. 2.21B-D).   
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Figure 2.16. Photographs of Sea Lampreys (Petromyzon marinus) displaying waiting behavior. 
(A) A male Sea Lamprey waiting in river vegetation in the Pelham Section of the Fort River near 
Amherst, MA (P1000225, June 2015). (B) Multiple Sea Lampreys waiting within nooks and 
crannies of rocks and boulders in the Sawmill River near Montague, MA (P1010578, June 2015). 
(C) A female Sea Lamprey waiting beneath a boulder in the Sawmill River near Montague, MA 
(P1020418, June 2016).   
(figure cont’d.) 
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 Copulation is performed by pairs of males and females after spawning initiation, 
spawning acceptance, and copulation twist and flexion. It is characterized by rapid vibrations of 
their bodies and the release of eggs and sperm (Fig. 2.21B-D).  
 
 Non-Spawning Social Behaviors 
 
Nibbling behavior is characterized by gentle contact with the buccal funnel onto either another 
lamprey or river substrate. 
 Current tossing is performed by males and is characterized by firmly grasping the body 
of another lamprey and violently thrashing them about in order to throw them into the river 
current above the nest. 
 
 Escape Behaviors 
 
Recoil escape behavior is characterized by a quick 180-degree turn, followed by rapid swimming 
in the opposite direction of a head-on disturbance. After swimming 10-20 meters away, the 
lamprey seeks out concealment near the riverbank or within a deep pool. 
Arcing escape behavior is characterized by a quick turn upstream and rapid swimming 
along an arc-shaped path toward the center of the river until turning and swimming downstream. 
It is usually exhibited in response to a side-on disturbance that occurs anywhere along the body. 
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 Composite Behaviors 
 
 Waterfall Climbing 
 
Climbing behaviors were observed on the downstream tier of the waterfalls on the Sawmill 
River. The waterfall had to be passed in order for the lampreys to continue upstream. Lampreys 
attempted to pass the waterfall by one of three possible routes: A chute, a slide, and a vertical 
face with low breaks.  
 Chutes were climbed in two stages: in the first stage, lampreys performed a chute 
attachment at the downstream mouth of the chute; In the second stage, lampreys performed a 
chute burst behavior to ascend the chute. The stages were separated by a short interval (i.e., less 
than five minutes) of resting behavior. The mouth of the chute was reached by a rapid swimming 
behavior, which propelled them onto the rock below where they performed a chute attachment. 
Portions of their head and trunk were often exposed after chute attachment and during the resting 
behavior (Fig. 2.17). Resting while attached below the chute lasted about minutes. After resting, 
lampreys performed a chute burst behavior to overcome the high velocity flow coming down the 
Figure 2.17. Photograph of Sea Lampreys (Petromyzon marinus; P1010548, June 2016) 
performing slide attachment behaviors on a waterfall in the Sawmill River near Montague, MA. 
Downstream is to the left. 
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chute. Lampreys that began their climb in the deepest part of the chute were able to successfully 
pass upstream, whereas those that began their climb along the sides of the chute were pushed 
into the pool below by the high velocity flow. 
 The slide was climbed incrementally due to the high-water velocity and volume and 
required alternating slide attachment and burst behaviors with intervening periods of resting. It 
was reached by rapid swimming behaviors, which propelled the lampreys onto the slide rock 
where they performed a slide attachment behavior. After resting for about five minutes, they 
exhibited a slide burst to ascend the rockslide, but were able to travel only a few body lengths 
before slide attaching again. Since the slide is broad and the high-water velocity allowed only 
incremental progress, multiple individuals could attempt to ascend the rockslide at once (Fig. 
2.22).  
Across the middle of the slide, the rock was irregular and caused turbulence in the 
cascading water. Despite the turbulence, the lampreys were able to maintain a nearly straight 
posture. However, the force of the rushing water caused body torsion as the lampreys rested on 
the slide (Fig. 2.23). In the center of the slide, a large dip in the rock caused extreme turbulence. 
Lampreys that attached near this dip were violently tossed about and were unable to maintain a 
straight posture. Only lampreys that climbed the inner edge of the slide were able to successfully 
pass upstream. Those climbing near the outer edge were eventually pushed off back into the pool 
below. 
Waterfall climbing behaviors usually began in late morning and continued into the 
evening. In the early morning, lampreys were waiting beneath the falls in large groups [i.e., more 
than 30 (personal observation by April Adams)].     
Figure 2.18. A video screenshot of a female Sea Lamprey (Petromyzon marinus; 00016_mpeg4, 
June 2015) performing an elevated attachment onto a rock face below a break in a waterfall in 
the Sawmill River near Montague, MA. Downstream is to the left. 
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Lampreys were not observed climbing through the beaver and debris dams stretching 
across the Fort River between the Pelham and Groff Sections. However, the climbing behaviors 
displayed on the waterfalls would enable them to pass through or over submerged sticks and 
logs.  
Figure 2.19. Video screenshots of a female Sea Lamprey (Petromyzon marinus; P1010021, June 
2012) performing a stone dislodge attempt in the Pelham Section of the Fort River near Amherst, 
MA. (A-H) Selected frames showing stone dislodgement from beginning to end. 
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 Nest Building 
 
Sea Lamprey nests are formed by piles of stones that surround a circular depression (Fig. 2.24). 
Most stones are piled on the downstream side of the nest, whereas the upstream side has the 
second most stones. The sidestream sides have only a few stones in comparison to the upstream 
and downstream sides. Above the nest, the river flows unimpeded, whereas within the depression 
the current is near zero. Here, disturbed sand will settle without being carried away. The nest 
may also contain other fish species that eat discharged lamprey eggs. The most common non-
lamprey species observed in nests were Common Shiners (Luxulus cornutus).    
 Males construct preliminary nests, called starter redds, which are no more than 0.5 m in 
diameter, by using stone moving behaviors. Once a starter redd is built, they cease stone moving 
behaviors and assume a waiting behavior until joined by a female mate (Fig. 2.25).  
  Nest building resumes after a female joins a starter redd. Mating males and females are 
residents of the nests they build together. They perform stone moving behaviors to increase the 
stone pile size along the upstream and downstream sides as well as the depth of the depression in 
the center. They move all stones that they can grasp with their mouths and will perform stone 
dislodge attempts multiple times on embedded stones. Females are more active in stone transport 
behaviors (forward and backward) than males.  
 Nest building also involves a range of locomotion behaviors. Steady swimming is 
performed during forward stone transport and is used to push larger stones up and onto the 
upstream pile to make the pile higher. Backward swimming is performed during backward stone  
Figure 2.20. A video screenshot of a female Sea Lamprey (Petromyzon marinus; P101018, June 
2012) performing a stone lift behavior during nest building in the Pelham Section of the Fort 
River near Amherst, MA. Downstream is to the right. 
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Figure 2.21. Video screenshots of a spawning pair of Sea Lampreys (Petromyzon marinus) in the 
Pelham Section of the Fort River near Amherst, MA (June 2015). (A) A male (top) and female 
(bottom) lamprey at the end of spawning initiation and acceptance. [Common Shiners (Luxulus 
cornutus) are in the foreground.] (B) The male and female lampreys from (A) copulating as the 
male performs copulation twist and the female performs copulation flexion. Note that the male is 
spawning on the left side of the female. (C) A different spawning pair copulating. Note the male 
lamprey is spawning on the right side of the female. (D) A different angle of the spawning pair in 
(C). 
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transport and is modified by lifting the tail into the higher velocity flow above the nest to 
maximize stone transport power (Fig. 2.14). Once a stone is released after backward stone 
transport to the downstream side, steady swimming is performed to re-enter the nest. As they 
enter the nest, the head drops and the cranial portion of the trunk becomes slightly flexed so that 
their body follows the downward slope of the downstream pile of stones (Fig. 2.26). This 
configuration repositions the dorsal fins into the high velocity flow above and, thereby, enables 
the lamprey to maintain forward thrust into the nest.   
 Lampreys rested every few minutes between transporting stones and spawning by 
attaching to the nearest secure stone in the nest and made no attempts to conceal themselves or to 
find the deepest point in the nest. Rest periods lasted no more than two to three minutes and 
almost always followed a strenuous attempt to dislodge a stone or an act of spawning.  
 Male lampreys exhibited piddling behavior by slowly moving around the center of the 
nest and gently feeling stones with their mouths and made no attempt to transport them. They 
exhibited this behavior for most of the time that they were observed. Female lampreys were 
never observed exhibiting a piddling behavior.     
 
 
 
 
Figure 2.22. Photograph of a rockslide at a waterfall on the Sawmill River near Montague, MA 
(P1020344, June 2016). Downstream is to the top. Symbols: Red arrows = location of Sea 
Lampreys (Petromyzon marinus) that are resting between slide burst behaviors. 
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Figure 2.23. Video screenshots of a male Sea Lamprey (Petromyzon marinus; 00014, June 2016) 
experiencing torsions caused by water rushing down a rockslide at a waterfall on the Sawmill 
River near Montague, MA. Downstream is to the left. (A) No torsion. (B) Torsion 90 degrees to 
the right. 
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 Social Interactions 
 
Social interactions were observed between nesting males and females, resident males and 
challenger males, and resident males and non-spawning females near or within a nest. They were 
not observed between two or more climbing or migrating lampreys. Social interactions were 
always between conspecifics even though other fish species (e.g., Common Shiners) were 
present within the nest (Fig. 2.21A).  
The most frequent social interactions were between nesting males and females. Each nest 
contained at least one resident male and one resident female. However, most nests observed 
contained two resident females. One nest in the Pelham Section at the end of May 2015 
contained three resident females.  
Copulation behaviors involved only one male and female at a time. In nests with more 
than one resident female, the resident male would spawn with each female one at a time. 
Occasionally, a non-resident female would enter an established nest, but would be removed by a  
Figure 2.24. A photograph of a Sea Lamprey (Petromyzon marinus; P1010045, June 2012) nest, 
which is occupied by a post-spawning male, in the Pelham Section of the Fort River near 
Amherst, MA. Downstream is to the right. Symbols: red arrow = male lamprey; blue arrow = 
direction of current. Letters: D = downstream side of the redd; S = sidestream side; U = upstream 
side of the nest. 
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Figure 2.25. A video screenshot of a male Sea Lamprey (Petromyzon marinus; 00004_mpeg4, 
June 2015) displaying waiting behavior in a starter nest in the Sawmill River near Montague, 
MA. Downstream is to the right. 
 
 
Figure 2.26. A video screenshot of a male Sea Lamprey (Petromyzon marinus; P1010018, June 
2012) steady swimming to return to its nest in the Pelham Section of the Fort River near 
Amherst, MA. 
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current toss performed by the resident male. Nesting groups were observed for no more than one 
day.   
Copulation requires willing male and female participation. Males approach resting 
females and perform spawning initiation behavior along either side of their body. Females 
respond either by spawning acceptance or rejection. Males may be met with repeated spawning 
rejection behaviors before females respond with spawning acceptance. Upon spawning 
acceptance, males display copulation twisting and females display copulation flexion (Fig. 
2.21B-C). Copulation lasts a few seconds and concludes when both release their attachments.  
Male copulation twisting behaviors occurred on either the left or right side of females 
(Fig. 2.21B-C). Copulation twisting occurred almost always on the opposite side of the trunk as 
the spawning initiation approach. Occasionally, males perform nibbling behaviors along the 
trunk of females, but this behavior is not followed by spawning initiation.  
Challenger males occasionally enter established nests. Upon entering a nest, challenger 
males make no effort to seek out resident males. Rather, they either engage in stone moving 
behaviors or attempt to copulate with one of the resident females, which are not disturbed by 
their presence. Contact between challenger and resident males is always aggressive and results in 
both males attempting to current toss each other out of the nest. Males recognize the presence of 
each other when positioned downstream. Therefore, challenger males may occupy the nest for 
minutes before contact with resident males.  
When challenger and resident males make contact, they attempt to current toss each other 
by attaching to any point along the body regardless of size differences (Fig. 2.27). Size 
differences do not dissuade small males from challenging large males (Fig. 2.28A). If attachment 
is successful, then the attacking male will current toss the other male into the high velocity flow 
Figure 2.27. Video screenshot showing the mouth of a challenger male Sea Lamprey 
(Petromyzon marinus; 00052.mpeg, June 2015) as he attempts to current toss the resident male in 
the Groff Section of the Fort River near Amherst, MA. 
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above the nest to be carried downstream and away (Figure 2.28A-B). Current tossing often 
results in both males being carried downstream. If the attachment is unsuccessful, then the 
attacking male immediately performs a sharp turn to try again. If the attacked male detects the 
attempt to attach to his body, then he will respond with an immediate sharp turn with open mouth 
to current toss the attacker (Fig. 2.28C-D). Challenger and resident males that are repeatedly 
tossed into the current eventually leave the nest.  
 
Figure 2.28. Video screenshots of two male Sea Lampreys (Petromyzon marinus; P1000942, 
June 2015) in a nest in the Sawmill River near Montague, MA. (A) The smaller challenger male 
is on the left, the larger resident male is on the center-right, and the tail of one of the resident 
females is on the right. (B) The resident male is current tossing the challenger male, who is being 
thrashed about. (C) The smaller challenger male unsuccessfully attempts to current toss the 
larger resident male. (D) The resident male reacts to contact from challenger male by turning 
around with an open mouth to attempt a current toss. 
(figure cont’d.) 
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At least two instances of a non-resident female entering an established nest were 
observed. Contact between non-resident females and resident males is aggressive and results in 
the male current tossing the female from the nest. Resident females are not disturbed by the 
presence of non-resident females. Current tossed females rarely enter the same nest twice. 
 
 Discussion 
 
 The Ethology of Anadromous Sea Lampreys 
 
 Abiotic Factors Affecting Sea Lamprey Behavior 
 
Photoperiod and temperature are relevant factors in the timing of anadromous Sea Lamprey 
behaviors. Migrations up the Connecticut River are more likely to occur at night (Haro and 
Kynard 1997) when water temperatures are between 16° and 21°C (Stier and Kynard 1986), 
which would minimize predation risks (Cochran 2009). In contrast, waterfall climbing behaviors 
are more common during the day and primarily occur once the sun was near its highest elevation 
angle, which would maximize visibility for navigating the breaks, chutes, and slides. Spawning 
behaviors are also strongly correlated with day length and always occur within the same 15-day 
window each year (Kynard and Hogan 2019). Although light sensitivity diminishes as the eyes 
of lampreys degenerate during the spawning phase, the pineal eye is UV sensitive and would 
enable lampreys to monitor day length (see Fig. 2.8; Eddy 1972). The importance of photoperiod 
for anadromous Sea Lamprey behaviors contrasts with the importance of water temperature for 
spawning behaviors of landlocked Sea Lampreys (Applegate 1950; Hardisty and Potter, 1971b; 
Binder and McDonald 2008). 
 Water discharge is also a significant factor in the timing of spawning for anadromous Sea 
Lampreys. Spawning frequency substantially increases after rain events that increase river levels, 
which enable lampreys to overcome river obstacles, such as beaver and debris dams (personal 
observation). Males then wait to begin building starter redds once water levels return to normal 
and discharge rates decline (Kynard and Horgan 2019).   
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 Locomotion Behaviors 
 
 Rapid Locomotion Exhibits a Hypocercal Configuration 
 
The hypocercal configuration of rapidly swimming Sea Lampreys is similar to the hypocercal 
tail shape of fossil jawless fishes, such as heterostracans and anaspids (see Fig. 2.13; Janvier 
1996). Hypocercal tails are found in fishes that lack paired fins and cause the head to rise during 
swimming and, thereby, enable the front of the body to generate lift (Kermack 1943). By 
configuring their body during rapid swimming to resemble a hypocercal tail, lampreys can lift 
the head and swim above the substrate (Fig. 2.12). They produce lift by raising their snout, which 
causes an upward deflection due to inertial drag. They could also modulate lift by adjusting their 
snout up or down.  
 The fossil lamprey Hardistiella montanensis, which lived ~320 million years ago, had a 
hypocercal tail (Janvier and Lund 1983; Janvier et al. 2004), which suggests that extant lampreys 
evolved a compensatory behavior to take advantage of the hydrodynamics of a hypocercal form 
without having to retain the tail morphology. The loss of a hypocercal tail in extant lampreys 
may be related to their diversification into riverine environments, which require greater mobility 
and a generalist approach to locomotion.   
 
 Backward Swimming Locomotion 
 
Backward swimming enables redirection to avoid obstacles during migration and efficient stone 
moving during nest building (Fig. 2.14). It is a common behavior in anguilliform locomotors 
(Videler 1993) and is powered by reversing the direction of undulatory waves so that they pass 
from the tail to the head (D’Août and Aerts 1999). Although the neurophysiology of this 
behavior has been thoroughly studied in lampreys (e.g., McClellan 1989; Islam et al. 2006), less 
is known about its kinematics. Nevertheless, it is powerful enough to enable moving large stones 
that must be dragged across the nest bottom. Lampreys also use backward swimming to exit 
waiting spaces after entering headfirst (see Fig. 2.16B).  
 
 Resting 
 
Resting is a common behavior and is likely associated with exercise-induced acidosis coupled 
with the reduced buffering capacity of lamprey hemoglobin (Nikinmaa 1997; Wilkie et al. 1998). 
Acidosis is caused by the retention in lamprey muscle of intracellular carbon dioxide, which 
remains elevated for a longer period than in most vertebrates (Boutilier et al. 1993). After bursts 
of activity, the pH of lamprey plasma immediately declines, which decreases the partial pressure 
of oxygen in the blood and reduces the ability of oxygen to bind to hemoglobin (Tufts 1991). 
However, lampreys can rapidly return to a normal pH by secreting protons directly into the 
environment (Wilkie et al. 1998). Resting enables lampreys to stabilize their pH and to recruit 
glycogen to prepare their muscles for another bout of activity. 
 
 Spawning Behaviors of Sea Lampreys  
 
Lampreys are drawn into rivers containing suitable nesting substrate by the chemical cues 
secreted by lamprey larvae in the river (Li et al. 1995; Sorensen et al. 2005; Waldman et al. 
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2008; Vrieze et al. 2011). Once in the river, however, they use other cues to guide them through 
the spawning process. Males begin the nest building process (Hardisty and Potter 1971b) and, 
therefore, determine the nest location within the river at some point between the mouth and the 
headwaters. Some males choose the first available substrate near the river mouth, which is 
usually the location of the first nests in a season (personal communication with Boyd E. Kynard). 
However, others choose locations as far upstream as the headwaters and in upper reaches that 
were previously blocked by dams (Hogg et al. 2013; Hogg et al. 2015) despite downstream 
substrate availability. Males migrating to these upstream points may be exploring the full extent 
of the stream, since larvae are absent in these reaches and, hence, are not luring males to these 
points through chemical cues. This colonization behavior is not well studied, although it is likely 
a contributing factor to the long-term survival of lampreys, which spawn in accessible suitable 
habitat regardless of their nativity (Waldman et al. 2008).  
 Males also determine whether a nest is located near the riverbank or the middle of the 
main flow. Most nests are found just upstream of riffles (Applegate 1950; Manion and Hanson 
1980), and do not seem to be preferentially located relative to the river width. A near-shore nest 
would be more likely to receive riparian cover, but nests have been observed in full sunlight and 
in stretches of river running through tree-less fields (personal observation). The preference to 
nest near riffles may suggest that rheological considerations are important. However, riffles also 
correspond with previous year nesting sites, which are characterized by a raised substrate 
morphology. Hence, the presence of riffles may be correlative with suitable nesting sites. 
Lampreys will also nest in slow runs with sandy substrates (personal observation), which 
suggests that choosing the precise nesting location may involve a more complicated weighting of 
abiotic factors. 
 Once males select a nesting location, they secrete pheromones to attract female mates (Li 
et al. 2002; Johnson et al. 2009; Buchinger et al. 2015). However, migrating females do not 
always mate with the first available male and may by-pass males waiting within a starter redd. 
This suggests that females select their mates based on additional factors than simple chemical 
cues. One possibility is that females select mates based on the suitability of nest location and 
construction. However, mating pairs were observed across a wide range of nesting habitats and 
suitability, and there is no apparent advantage for males that started redds in one location versus 
another.  
 Once a female chooses a mate and the male accepts her, nest building resumes Males are 
not aggressive toward resident females, although they are toward non-resident females. The 
reasons why a male may reject a female are unclear. One possibility is that unwanted females are 
injured and are, thereby, secreting alarm cues, which easily agitate lampreys that detect them 
(Imre et al. 2014). However, males were observed spawning with injured females and females 
were observed spawning with injured males. Another possibility is that unwanted females are 
post-spawners, which may be detectable by males. By removing post-spawning females, males 
avoid copulating with an infertile mate. However, it is unclear why a post-spawning female 
would attempt to enter an established nest. Another unknown is how males determine the 
number of mating partners and whether females join a nest simultaneously or successively. It is 
unknown whether courtship is involved since it has never been observed and may occur at night. 
 Courtship behaviors may occur between male and female landlocked Sea Lampreys 
(Chung-Davidson et al. 2013). Chung-Davidson et al. (2013) argue that males rub their rope, 
which is thermogenic, against the abdomen and cloaca of females and that a spawning act 
immediately follows. Although the rope is a structure unique to Sea Lampreys (Hardisty and 
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Potter 1971b), this behavioral pattern was not observed in spawning anadromous Sea Lampreys. 
As they move stones, females often glide over a male and rub against the rope, but spawning 
does not immediately follow. Rather, males pursue resting females and spawn with the first 
available female. Hence, the function of the rope in anadromous Sea Lampreys is unknown.     
 Copulation requires coordination between male and female lampreys. Males initiate 
spawning and must be ready once a female is receptive. The need to be ready may explain why 
males exhibit a piddling behavior and minimally participate in stone moving, which could cause 
them to overlook a receptive female. The behavior of receptive females resembles that of resting 
females. The similarity of these two behaviors may not be accidental, since the spawning act 
requires a vigorous burst of energy. Females may abort spawning attempts due to insufficient 
recovery after stone moving activities and may require more rest before being able to spawn. 
Males may preferentially spawn on a particular side of a female. They usually spawn on 
the side opposite of their initial approach, but spawning on the ipsilateral side is also common. 
When multiple females are part of a nest, males may preferentially spawn on the left side of one 
female and on the right side of the other. More quantitative data are needed to determine whether 
males display handedness in their mating preferences. This would be the first indication of 
handedness in lampreys and may relate to the choice of twisting to the left or right.2      
 
 Stone Moving Behaviors 
 
This is the first study to describe the various stone moving strategies employed during nest 
building by Sea Lampreys. Lampreys try to dislodge all stones within the nesting area, including 
stones embedded into the substrate. Previous studies have claimed that during stone moving, 
lampreys affix themselves to a rock and vigorously beat their tails in order to fan sand from the 
bottom of the nest (Hardisty and Potter 1971b; Manion and Hanson 1980; Hardisty 2006). 
However, underwater observations suggest that this behavior is more likely correlated with 
vigorous stone moving attempts, rather than nest sweeping.  
 
 A Hypothesis about Challenger Males 
 
Male anadromous Sea Lampreys aggressively defend their nests against challenger males. This 
behavior has also been observed in landlocked Sea Lampreys (Applegate 1950; Manion and 
Hanson 1980). Challenger males may successfully displace resident males and mate with 
resident females and would acquire reproductive access without having to expend energy to 
build a starter redd.  
The reasons why a male becomes a challenger male are unknown, but the following 
hypothesis is offered: Challenger males may be low on energy resources and desperate to find 
mates before death. Males expend a tremendous amount of energy during their upstream 
migrations and in building starter redds (Beamish 1979, 1980). Those lacking sufficient energy 
stores to invest in a starter redd may choose to become a challenger male. Males enter the 
spawning streams with individual differences in energy stores. Those with fewer calories in 
reserve are more likely to become challenger males. This would explain why challenger males 
are observed throughout a spawning season and why challengers may be much smaller than 
resident males. 
                                                 
2 Hagfishes exhibit handedness in their coiling behavior and preferentially twist either to the left or right (Miyashita 
and Palmer 2014). 
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 Sea Lampreys as Effective Colonizers 
 
Sea Lampreys possess a suite of morphological and behavioral attributes that make them 
effective colonizers in riverine environments. Their scale-less bodies enable them to slip through 
woody debris and over rocky surfaces without risking scale loss, which can be fatal for scaled 
fishes (Smith 1993; Butcher et al. 2010; Olsen et al. 2012). Their mouths and locomotor 
strategies enable them to climb over waterfalls and fallen logs with agility rivaled only by the 
Hawaiian gobiid fishes (Sicyopterus stimpsoni; Blob et al. 2008). Their migratory persistence 
carries them from the ocean to the headwaters of streams, even if lampreys have never been there 
before (Hogg et al. 2013) or not in more than 100 years (Kynard and Horgan 2019). And, their 
attraction to rivers and streams that already contain larval lampreys ensures that the efforts of the 
adults have the greatest chance of success. Taken together, these traits explain the long-term 
survival of lampreys and their capabilities for overcoming obstacles and exploiting new 
environments.     
 
 Historical Misunderstandings of Lamprey Behavior 
 
Lamprey behavior has been historically misunderstood and misdescribed. Descriptions of 
lampreys were either conflated with animals they superficially resembled, such as eels or snakes, 
or were not based on observations. Pliny the Elder (ca. AD 29-79) recorded the first descriptions 
of lamprey behavior and described them crawling onto dry land to mate with snakes and 
spawning year-round in seaweed nests (Pliny 1938). He also associated lampreys with a story 
about a fish that had the power to halt sailing ships and inspired later writers to associate 
lampreys with mystic powers (Copenhaver 2015). In the 1500s, naturalists, such as Guillaume 
Rondelet (1507-1566), Conrad Gesner (1516-1565), Hippolito Salviani (1514-1572), and 
Ferrante Imperato (ca. 1525-1615), debated which species of fish could halt ships and argued in 
favor of a preferred candidate. Rondelet favored the lamprey, Gesner the goby (Gobiiformes), 
and Imperato the remora (Echeneidae) as the fish species to fit the description given by Pliny 
(Copenhaver 2015). By the end of the 17th century, lampreys and remoras were thought to be the 
same fish that could “stayeth a ship under sail” (Gouldman 1678). Although 18th century 
naturalists rejected the mystic powers of lampreys, their descriptions of lamprey behavior were 
anecdotal. For example, lampreys were thought to spout water from their heads as was thought to 
occur in whales (Cetacea) (Buffon 1798; Wilhelm 1799). In the 19th century, lampreys were 
accused of destroying river dams (Lark 1973) and were still thought to mate with other fish 
species, such as eels (Roosevelt 1879).     
Simon Henry Gage (1893) produced the first detailed descriptions of lamprey behavior 
based on landlocked Sea Lampreys in the Finger Lakes of New York and was the first to 
interpret the morphology of lampreys within an environmental and behavioral context. For 
example, he discovered that the nostril (i.e., nasohypophysial opening; see Fig. 2.8) was not 
connected to the respiratory system by performing the simple experiment of lifting the head of a 
lamprey out of the water so that it continued ventilating through the gills but no longer pumped 
water in and out of its nostril. He also determined that Sea Lampreys were sexually dimorphic by 
dissecting and comparing the anatomy of individuals that had a rope with those that did not and 
concluded that the rope is specific to males.  
Gage (1893) also blamed Sea Lampreys for negatively impacting the food fishes of the 
region. This attracted attention from governmental agencies and led to an increased focus on the 
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predatory lifestyle of lampreys (Surface 1897). By the early 20th century, landlocked Sea 
Lampreys were viewed by fishermen as a menace to their profession and must be eradicated at 
all costs (see Chapter 8; Applegate 1950). Hence, subsequent research in the mid-20th century 
focused on the destructive impact of landlocked Sea Lampreys to American fisheries and on only 
the aspects of their biology relevant to their eradication. Since landlocked and anadromous Sea 
Lampreys were not taxonomically distinguished from one another, the results of studies on 
landlocked forms were assumed to equally apply to anadromous ones.  
Today, lampreys are reconceptualized in light of a greater understanding about their 
importance to ecosystems (Nislow and Kynard 2009; Guyette et al. 2014) and cultures (Close et 
al. 2002). This has motivated conservation plans for lamprey species around the world (Renaud 
et al. 2009a; Maitland et al. 2015; US Fish and Wildlife Service 2018) and has signaled the 
growing need for more data about lamprey biology, especially about their behavior.  
 
 Conclusions 
 
This is the first ethogram of spawning anadromous Sea Lampreys. Knowledge about the 
behavior of the anadromous Sea Lampreys is relevant for a better understanding of the lampreys’ 
contributions to river ecosystems (Nislow and Kynard 2009; Guyette et al. 2014; Boeker and 
Geist 2016) and for effective conservation measures. A return to the reverence for lampreys 
expressed in 1893 by biologist Simon Henry Gage can only be hoped for: 
 
As one watches these humble creatures with their pigmy brains and observes with what 
exactitude they recognize that “to rule nature one must obey her,” there comes to one the 
feeling that the germ, at least, of the highest achievement is present in these our lowly 
vertebrate allies and that the abyss separating us from them is not so wide after all. If it is 
urged that all this precision and the resulting efficiency is due to blind instinct then it may 
be answered that an instinct which guides its possessor to apply the appropriate means to 
accomplish a desired end, to overcome difficulties not previously encountered by the race 
and guides it to make the most of favoring circumstances whether they be common ones or 
those never before utilized, then it must be said that such a guide is a pretty good thing to 
have after all, and about as valuable to its possessor as something else, although the 
something else may have been dignified by the name of reason. (Gage 1893, pp. 444-445) 
 
This study also provides an ecological context for interpreting the functional and adaptive 
significance of the trunk morphology of Sea Lampreys (see Chapter 6). 
 
 References  
 
Applegate VC. 1950. Natural history of the sea lamprey, Petromyzon marinus, in Michigan. US 
Fish and Wildlife Service Special Scientific Report 55. 
 
Barton M. 2007. Bond's Biology of Fishes, 3rd ed. Belmont, CA: Thomson Brooks/Cole. 
 
Beamish FWH. 1979. Migration and spawning energetics of the anadromous sea lamprey, 
Petromyzon marinus. Environmental Biology of Fishes 4:3-7. 
 
39 
Beamish FWH. 1980. Biology of the North American anadromous sea lamprey, Petromyzon 
marinus. Canadian Journal of Fish and Aquatic Science 37:1924-1943. 
 
Binder TR, McDonald DG. 2008. The role of temperature in controlling diel activity in upstream 
migrant sea lampreys (Petromyzon marinus). Canadian Journal of Fish and Aquatic 
Science 65:1113-1121. 
 
Blob RW, Bridges WC, Ptacek MB, Maie T, Cediel RA, Bertolas MM, Julius ML, Schoenfuss 
HL. 2008. Morphological selection in an extreme flow environment: body shape and 
waterfall-climbing success in the Hawaiian stream fish Sicyopterus stimpsoni. Integrative 
and Comparative Biology 48:734-749. 
 
Boeker C, Geist J. 2016. Lampreys as ecosystem engineers: burrows of Eudontomyzon sp. and 
their impact on physical, chemical, and microbial properties in freshwater substrates. 
Hydrobiologia 777:171-181. 
 
Boutilier RG, Ferguson RA, Henry RP, Tufts BL. 1993. Exhaustive exercise in the Sea Lamprey 
(Petromyzon marinus): Relationship between anaerobic metabolism and intracellular 
acid-base balance. Journal of Experimental Biology 178:71-88. 
 
Breder CM. 1926. The locomotion of fishes. Zoologica 4:159-297. 
 
Buchinger TJ, Siefkes MJ, Zielinski BS, Brant CO, Li W. 2015. Chemical cues and pheromones 
in the sea lamprey (Petromyzon marinus). Frontiers in Zoology 12:32. 
 
Buffon GL. 1798. Natural History of Birds, Fish, Insects, and Reptiles. London, UK: H.D. 
Symonds. 
 
Butcher PA, Broadhurst MK, Hall KC, Cullis BR, Nicoll RG. 2010. Scale loss and mortality in 
angled-and-released eastern sea garfish (Hyporhamphus australis). ICES Journal of 
Marine Science 67:522-529. 
 
Chung-Davidson YW, Priess MC, Yeh CY, Brant CO, Johnson NS, Li K, Nanlohy KG, Bryan 
MB, Brown CT, Choi J, Li W. 2013. A thermogenic secondary sexual character in male 
sea lamprey. Journal of Experimental Biology 216:2702-2712. 
 
Close DA, Fitzpatrick MS, Li HW. 2002. The ecological and cultural importance of a species at 
risk of extinction, Pacific Lamprey. Fisheries 27:19-25. 
 
Cochran PA. 2009. Predation on lampreys. In: Brown LR, Chase SD, Mesa MG, Beamish RJ, 
Moyle PB, editors. Biology, Management, and Conservation of Lampreys in North 
America. Bethesda, M.D.: American Fisheries Society, Symposium 72. p 139-151. 
 
Copenhaver BP. 2015. Magic in Western Culture: From Antiquity to the Enlightenment. New 
York: Cambridge University Press. 
 
40 
D'Août K, Aerts P. 1999. A kinematic comparison of forward and backward swimming in the eel 
Anguilla. Journal of Experimental Biology 202:1511-1521. 
 
Eddy JMP. 1972. The pineal complex. In: Hardisty MW, Potter IC, editors. The Biology of 
Lampreys. London: Academic Press. p 91-103. 
 
Ensminger SA, Bassett DK. 2018. A Waterfall Guide to Letchworth State Park, 4th ed. Scott A. 
Ensminger. 
 
Gage SH. 1893. The lake and brook lampreys of New York, especially those of Cayuga and 
Seneca Lakes. Wilder Quarter-Century Book Ithaca 1893:421-493. 
 
Gallant J, Harvey-Clark C, Myers RA, Stokesbury MJW. 2006. Sea Lamprey attached to a 
Greenland Shark in the St. Lawrence estuary, Canada. Northeastern Naturalist 13:35-38. 
 
Gouldman F. 1678. A Copious Diction in Three Parts, 4th ed. Cambridge: John Hayes. 
 
Guyette MQ, Loftin CS, Zydlewski J, Cunjak R. 2014. Carcass analogues provide marine 
subsidies for macroinvertebrates and juvenile Atlantic salmon in temperate oligotrophic 
streams. Freshwater Biology 59:392-406. 
 
Hardisty MW. 2006. Lampreys: Life without Jaws. Ceredigion, UK: Forrest Text. 
 
Hardisty MW, Potter IC. 1971a. The behavior, ecology and growth of larval lampreys. In: 
Hardisty MW, Potter IC, editors. The Biology of Lampreys. London: Academic Press. p 
85-126. 
 
Hardisty MW, Potter IC. 1971b. The general biology of adult lampreys. In: Hardisty MW, Potter 
IC, editors. The Biology of Lampreys. London: Academic Press. p 127-206. 
 
Hardisty MW. 1986. Petromyzon marinus Linnaeus, 1758. In: Holčík J, editor. The Freshwater 
Fishes of Europe, Part 1, Petromyzontiformes. Wiesbaden: AULA. p 96-116. 
 
Haro A, Kynard BE. 1997. Video evaluation of passage efficiency of American Shad and Sea 
Lamprey in a modified ice harbor. North American Journal of Fisheries Management 
17:981-987. 
 
Hogg RS, Coghlan Jr SM, Zydlewski J. 2013. Anadromous sea lampreys recolonize a Maine 
coastal river tributary after dam removal. Transactions of the American Fisheries Society 
142:1381-1394. 
 
Hogg RS, Coghlan Jr SM, Zydlewski J, Gardner C. 2015. Fish community response to a small-
stream dam removal in a Maine coastal river tributary. Transactions of the American 
Fisheries Society 144:467-479. 
 
41 
Hubbs CL, Potter IC. 1971. Distribution, phylogeny and taxonomy. In: Hardisty MW, Potter IC, 
editors. The Biology of Lampreys. London: Academic Press. p 1-65. 
 
Imre I, Di Rocco RT, Belanger CF, Brown GE, Johnson NS. 2014. The behavioural response of 
adult Petromyzon marinus to damage-released alarm and predator cues. Journal of Fish 
Biology 84:1490-1502. 
 
Islam SS, Zelenin PV, Orlovsky GN, Grillner S, Deliagina TG. 2006. Pattern of motor 
coordination underlying backward swimming in the lamprey. Journal of Neurophysiology 
96:451-460. 
 
Janvier P. 1996. Early Vertebrates. Oxford, UK: Clarendon Press. 
 
Janvier P, Lund R. 1983. Hardistiella montanensis N. gen. et sp. (Petromyzontida) from the 
Lower Carboniferous of Montana, with remarks on the affinities of the lampreys. Journal 
of Vertebrate Paleontology 2:407-413. 
 
Janvier P, Lund R, Grogan ED. 2004. Further consideration of the earliest known lamprey, 
Hardistiella montanensis Janvier and Lund, 1983, from the Carboniferous of Bear Gulch, 
Montana, U.S.A. Journal of Vertebrate Paleontology 24:742-743. 
 
Johnson NS, Buchinger TJ, Li W. 2015. Reproductive ecology of lampreys. In: Docker MF, 
editor. Lampreys: Biology, Conservation and Control. Dordrecht: Springer. p 265-303. 
 
Johnson NS, Yun SS, Thompson HT, Brant CO, Li W. 2009. A synthesized pheromone induces 
upstream movement in female sea lamprey and summons them into traps. PNAS 
106:1021-1026. 
 
Kermack KA. 1943. The functional significance of the hypocercal tail in Pteraspis rostrata. 
Journal of Experimental Biology 20:23-27. 
 
Kynard BE, Horgan M. 2019. Long-term studies on restoration of Connecticut River 
anadromous Sea Lamprey, Petromyzon marinus Linnaeus 1758: Trends in annual adult 
runs, abundance cycles, and nesting. Journal of Applied Ichthyology. 
 
Lark JGI. 1973. An early record of the sea lamprey (Petromyzon marinus) from Lake Ontario. 
Journal of the Fisheries Research Board of Canada 30:131-133. 
 
Li W, Sorensen PW, Gallaher DD. 1995. The olfactory system of migratory adult sea lamprey 
(Petromyzon marinus) is specifically and acutely sensitive to unique bile acids released 
by conspecific larvae. The Journal of General Physiology 105:569-587. 
 
Li W, Scott AP, Siefkes MJ, Yan H, Liu Q, Yun S, Gage DA. 2002. Bile acid secreted by male 
sea lamprey that acts as a sex pheromone. Science 296:138-141. 
 
42 
Maitland PS, Renaud CB, Quintella BR, Close DA, Docker MF. 2015. Conservation of native 
lampreys. In: Docker MF, editor. Lampreys: Biology, Conservation and Control. 
Dordrecht: Springer. p 375-428. 
 
Manion PJ, Hanson LH. 1980. Spawning behavior and fecundity of lampreys from the upper 
three Great Lakes. Canadian Journal of Fisheries and Aquatic Sciences 37:1635-1640. 
 
McClellan AD. 1989. Control of locomotion in a lower vertebrate, the lamprey: Brainstem 
command systems and spinal cord regeneration. American Zoologist 29:37-51. 
 
Miyashita T, Palmer AR. 2014. Handed behavior in hagfish—an ancient vertebrate lineage—and 
a survey of lateralized behaviors in other invertebrate chordates and elongate vertebrates. 
Biological Bulletin 226:111-120. 
 
Moser ML, Almeida PR, Kemp PS, Sorensen PW. 2015. Lamprey spawning migration. In: 
Lampreys: Biology, Conservation and Control. Dordrecht: Springer. p 215-263. 
 
Nichols OC, Hamilton PK. 2004. Occurrence of the parasitic sea lamprey, Petromyzon marinus, 
on western North Atlantic right whales, Eubalaena glacialis. Environmental Biology of 
Fishes 71:413-417. 
 
Nichols OC, Tscherter UT. 2011. Feeding of sea lampreys Petromyzon marinus on minke whales 
Balaenoptera acutorostrata in the St. Lawrence Estuary, Canada. Journal of Fish Biology 
78:338-343. 
 
Nikinmaa M. 1997. Oxygen and carbon dioxide transport in vertebrate erythrocytes: An 
evolutionary change in the role of membrane transport. Journal of Experimental Biology 
200:369-380. 
 
Nislow KH, Kynard BE. 2009. The role of anadromous sea lamprey in nutrient and material 
transport between marine and freshwater environments. American Fisheries Society 
Symposium 69:485-494. 
 
Olsen RE, Oppedal F, Tenningen M, Vold A. 2012. Physiological response and mortality caused 
by scale loss in Atlantic herring. Fisheries Research 129-130:21-27. 
 
Pliny. 1938. Natural History, Vol. 3. Cambridge, MA: Harvard University Press. 
 
Potter IC, Beamish FWH. 1975. Lethal temperatures in ammocoetes of four species of lampreys. 
Acta Zoologica 56:85-91. 
 
Potter IC, Gill HS, Renaud CB, Haoucher D. 2015. The taxonomy, phylogeny, and distribution 
of lampreys. In: Docker MF, editor. Lampreys: Biology, Conservation and Control. New 
York: Springer. p 35-73. 
 
43 
Renaud CB, Docker MF, Mandrak NE. 2009a. Taxonomy, distribution, and conservation of 
lampreys in Canada. In: Brown LR, Chase SD, Mesa MG, Beamish RJ, Moyle PB, 
editors. Biology, Management, and Conservation of Lampreys in North America. 
Bethesda: American Fisheries Society Symposium 72. p 293-309. 
 
Renaud CB, Gill HS, Potter IC. 2009b. Relationships between the diets and characteristics of the 
dentition, buccal glands and velar tentacles of the adults of the parasitic species of 
lamprey. Journal of Zoology 278:231-242. 
 
Roosevelt RB. 1879. The reproductive habits of eels. Transactions of the American Fisheries 
Society 8:32-46. 
 
Samarra FIP, Fennell A, Aoki K, Deecke VB, Miller PJO. 2012. Persistence of skin marks on 
killer whales (Orcinus orca) caused by the parasitic sea lamprey (Petromyzon marinus) in 
Iceland. Marine Mammal Science 28:395-401. 
 
Smith LS. 1993. Trying to explain scale loss mortality: A continuing puzzle. Reviews in 
Fisheries Science 1:337-355. 
 
Sorensen PW, Fine JM, Dvornikovs V, Jeffrey CS, Shao F, Wang J, Vrieze LA, Anderson KR, 
Hoye TR. 2005. Mixture of new sulfated steroids functions as a migratory pheromone in 
the sea lamprey. Nature Chemical Biology 1:324-328. 
 
Stier K, Kynard BE. 1986. Movement of sea-run lampreys, Petromyzon marinus, during the 
spawning migration in the Connecticut River. Fishery Bulletin 84:749-753. 
 
Surface HA. 1897. The lampreys of Central New York. Bulletin of the United States Fish 
Commission 14:209-215. 
 
Tufts BL. 1991. Acid-base regulation and blood gas transport following exhaustive exercise in 
an agnathan, the sea lamprey Petromyzon marinus. Journal of Experimental Biology 
159:371-385. 
 
US Fish and Wildlife Service. 2018. Connecticut River Anadromous Sea Lamprey Management 
Plan. Connecticut River Atlantic Salmon Commission. Sunderland, MA. 
 
Videler JJ. 1993. Fish Swimming. London: Chapman and Hall. 
 
Vrieze LA, Bergstedt RA, Sorensen PW. 2011. Olfactory-mediated stream-finding behavior of 
migratory adult sea lamprey (Petromyzon marinus). Canadian Journal of Fish and 
Aquatic Science 68:523-533. 
 
Waldman J, Grunwald C, Wirgin I. 2008. Sea lamprey Petromyzon marinus: an exception to the 
rule of homing in anadromous fishes. Biology Letters 4:659-662. 
 
44 
Wilhelm GT. 1799. Unterhaltungen aus der Naturgeschichte: Der Fische. Augsburg, GE: 
Engelbrecht. 
 
Wilkie MP, Couturier J, Tufts BL. 1998. Mechanisms of acid-base regulation in migrant sea 
lampreys (Petromyzon marinus) following exhaustive exercise. Journal of Experimental 
Biology 201:1473-1482. 
 
Wood BM, Kynard BE, Homberger DG. 2015. A dorsal longitudinal ligament in Sea Lampreys 
(Petromyzon marinus): A novel structure involved in trunk movements. FASEB J., 29 
(suppl. 867.11) http://www.fasebj.org/content/29/1_Supplement/867.11.short?cited-
by=yes&legid=fasebj;29/1_Supplement/867.11#cited-by  
 
Wood BM, Kynard BE, Homberger DG. 2016. Modeling the skeletomuscular system in Sea 
Lampreys (Petromyzon marinus): An integrative approach from microdissection, 3D 
imaging, and field observations. The Anatomical Record 299 (Special Feature):POS2-76  
http://www.icvm2016.com/wp/program/singlesession.php?sessid=POS2  
 
  
45 
 3D MRI Modeling of Thin and Spatially Complex Soft Tissue 
Structures without Shrinkage: Lamprey Myosepta as an Example 
 
 Introduction 
 
The representation of morphological structures with three-dimensional models provides a more 
complete and accurate understanding than the more ubiquitous and simpler two-dimensional 
models, because 3D-modeling generates realistic representations of structures that can be 
visualized from multiple viewpoints and angles (e.g., Bragulla et al. 2012; Osborn 2013; Osborn 
et al. 2013, 2014; Blevins et al. 2014; Homberger 2014; Osborn and Homberger 2015, 2017; 
Harih et al. 2016; Wood et al. 2016; Marouane et al. 2017). Furthermore, realistic (i.e., 
realitätsgetreue = “faithful to reality”) representations of structures are essential for modeling 
their biomechanical roles and for interpreting and explaining their significance (e.g., Homberger 
1986, 1988; Wood 2013; Osborn and Homberger 2016; Homberger 2017). Hence, non-
destructive 3D imaging has become one of the new technological frontiers and has rejuvenated 
and motivated research in anatomy, morphology, and biomechanics (e.g., Rowe 2002; Endo and 
Frey 2008; Gignac et al. 2016).  
 The technological progress that allows 3D modeling has been based almost exclusively 
on x-ray computed tomography (CT) data that are generated on the basis of differences in x-ray 
absorption of tissues and can be analyzed with specialized software, such as ImageJ, ITK-SNAP, 
Avizo®, Amira®, and OsiriX®, which visualize the three-dimensionality of tissues that differ in 
the degree of mineralization, such as bone versus soft tissues (muscles, connective tissue, etc.) 
(e.g., Brainerd et al. 2010; Jeffery et al. 2011; Cox and Faulkes 2014; Gignac and Kley 2014; 
Silva et al. 2015; Gignac et al. 2016; Bribiesca-Contreras and Sellers 2017; Carlisle et al. 2017). 
CT scanners are relatively easily built and inexpensive to acquire and maintain; CT data can be 
of very high resolution at the micron-level; and the image units (i.e., voxels) are usually cubic 
and directly related to the x-ray flux. Although non-contrast based CT is utilized in clinical 
settings (e.g., Stuhlfaut et al. 2004; Geyer et al. 2015; Halliburton et al. 2017), the drawback of 
CT is that non-mineralized soft tissues are difficult to discriminate by their relative x-ray 
absorption unless they are impregnated with metallic substances [e.g., osmium tetroxide, 
phosphomolybdic acid (PMA), phosphotungstic acid (PTA), or Lugol’s iodine] that are 
differentially absorbed by soft tissues, thereby rendering them identifiable by their differing x-
ray absorption (Metscher 2009). These metallic contrasting agents were developed for earlier 
imaging techniques, such as osmium tetroxide for electron transmission microscopy (Carson and 
Hladik 2006) and Lugol’s iodine (I2KI) for radiography and microdissection (Wallingford 1953; 
Bock and Shear 1972). However, osmium tetroxide is highly toxic, has a low penetration rate 
(Aoyagi et al. 2015), and is, therefore, used primarily for CT scanning of small objects, whereas 
Lugol’s iodine is much less toxic, diffuses into tissues much more quickly than PMA or PTA, 
and has, therefore, been used preferentially for larger samples (Degenhardt et al. 2010; Pauwels 
et al. 2013; Descamps et al. 2014; Gignac et al. 2016). In general, higher concentrations of 
Lugol’s iodine penetrate tissues more quickly (Gignac and Kley 2014; Gignac et al. 2016), but 
they cause greater tissue shrinkage and distortion (Degenhardt et al. 2010; Pauwels et al. 2013; 
                                                 
This chapter was previously published as Wood BM, Jia G, Carmichael O, McKlveen K, Homberger DG. 2018. 3D 
MRI modeling of thin and spatially complex soft tissue structures without shrinkage: Lamprey myosepta as an 
example. The Anatomical Record 301:1745-1763. Included by permission of John Wiley and Sons.  
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Vickerton et al. 2013; Wong et al. 2013; Buytaert et al. 2014; Descamps et al. 2014; Schmidbaur 
et al. 2015). This is especially the case for specimens whose skeletal structures are not 
mineralized, as in agnathan vertebrates, protochordates, and most invertebrates. Any shrinkage 
of soft tissues reduces the usefulness of CT data if realistic 3D models are the objective.  
 Serial histological sections can also be used for generating 3D models (e.g., Farahani et 
al. 2017), but histological procedures permanently alter and shrink tissues just like contrast-
staining procedures for CT. Hence, there is a need for non-destructive imaging techniques that 
(1) do not alter the configuration of tissues; and (2) allow the further study of a specimen by 
additional techniques for a holistic analysis.  
 Magnetic Resonance Imaging (MRI) is such a non-destructive 3D imaging method as it 
provides excellent differentiation of soft tissues without the need for contrast agents that shrink 
tissues (e.g., Tunn et al. 2006; Salzmann et al. 2014; Scott et al. 2014; Neu 2015; Wood et al. 
2017). In addition, MRI data can be acquired under multiple magnetization modalities (e.g., T1-
weighted or T2-weighted) that provide different tissue contrasts. Nevertheless, MRI is much less 
frequently used for non-clinical research purposes than CT (Ziegler et al. 2011), but Berquist et 
al. (2012) promote a wider application in morphology and provide sample datasets and 
guidelines for its uses (see also Lauridsen et al. 2011). MRI scanners are expensive to acquire 
and install (Glover 2014), and the data acquisition and processing is more complex and time-
consuming. Although the image resolution may be high, MRI data often comprise non-cubic 
voxels with dimensions that represent a trade-off between tissue contrast and image resolution 
(e.g., Dale et al. 2015). These conflicting properties make the choice of proper scanning 
parameters essential for acquiring datasets with both high tissue contrast and high image 
resolution.  
 Lampreys (Order Petromyzontiformes) are vertebrates with a non-mineralized skeleton 
and without jaws and paired fins (Renaud 2011). The morphology of their trunk musculature is 
of particular interest for the reconstruction of the evolution of undulating aquatic locomotion in 
vertebrates, because it is less complex than that in jawed fishes (Homberger and Walker 2004). 
The trunk musculature of lampreys is segmentally arranged in myomeres with longitudinally or 
obliquely oriented muscle fibers. The myomeres are separated by myosepta, which are 
connective tissue sheets whose component fibers are anchored to the dermis as well as to the 
paraxial and perivisceral fasciae surrounding the notochord and other centrally located structures 
(Vogel 2000; Vogel and Gemballa 2000; Wood et al. 2012a, b; Wood et al. 2016). The myosepta 
vary in their thickness and also bend and twist to conform to spatial and biomechanical 
constraints.  
 The lack of a realistic three-dimensional model of the spatial configuration of the 
myomeres and myosepta has frustrated the understanding of how the contractions of the 
myomeres within the trunk and tail ultimately drive the undulations of a fish (e.g., Alexander 
1969; Lauder 2006; Shadwick and Gemballa 2006; Danos et al. 2008). In our endeavor to create 
such a 3D model, we chose to use MRI for the acquisition of 3D data to avoid shrinkage and 
distortion of tissues. However, visualization of MRI data in 3D is not a straightforward affair, 
which required us to develop special techniques to unlock the full potential of MRI data for 3D 
modeling. This paper aims at explaining the causes for the more complex methodology of MRI 
compared to CT and provides specific acquisition and processing techniques.  
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 Materials and Methods 
 
 Materials 
 
One Sea Lamprey (Petromyzon marinus) specimen [DGHLAMP003 (female, ca. 480 mm length, 
40 mm tall, 30 mm wide)], probably from the North American Great Lakes population, was 
purchased from Carolina Biological Supply Company, Burlington, NC, and was used for 
microdissection.  
 Three post-spawning Sea Lamprey specimens [DGHLAMP008 (female, ca. 690 mm 
length, 60 mm tall, 45 mm wide), DGHLAMP009 (male, ca. 600 mm length, 59 mm tall, 45 mm 
wide), and DGHLAMP020 (female, ca. 560 mm long, 40 mm tall, 30 mm wide)] were collected 
from the Fort River, a tributary of the Connecticut River, near Amherst, MA, under 
Massachusetts Fish & Wildlife Scientific Collection Permit # 105.165CF to Dr. Boyd E. Kynard. 
Although naturally near death, they were euthanized with an overdose of clove oil, which 
minimizes stress and suffering of aquatic vertebrates (Mitchell 2009; Davis et al. 2015). They 
were then fixed in a 4% unbuffered formalin solution for approximately seven days before being 
stored in a 1% 2-phenoxyethanol solution.  
 DGHLAMP020 was scanned (1) with a document scanner, and (2) by CT with, as well as 
without, contrast-staining. DGHLAMP009 was used for histological analysis. DGHLAMP008 
was scanned by MRI. 
 
 Methods 
 
 Morphological Methods 
 
Microdissection of DGHLAMP003 was performed with watchmaker’s forceps under a Leica 
MZ75 stereomicroscope fitted with a fiber optic ring light and polarizing filter. Digital images 
were taken with a SPOT Insight Firewire camera mounted on a Leica MZ6 stereomicroscope 
placed on a TMC MICRO-g vibration isolation table, captured with Spot 5.2 and Helicon Focus 
6 software for extended depth of field images, and processed with Photoshop®. The 
morphological nomenclature largely follows Potter and Welsch (1992). 
 Histology was performed at the laboratories of Morphisto GmbH, Frankfurt, Germany. A 
trunk segment of DGHLAMP009 was embedded in paraffin and sectioned at 25 μm on a Leica 
PolyCut S Automatic Large Section Microtome. The sections were stained with Movat 
Pentachrome after Verhöff (Garvey et al. 1986) with a Leica ST5020 stainer. Histological 
sections were analyzed with a Labomed LX500 microscope at LSU. 
 Cross-sections of the trunk of DGHLAMP020 were scanned on a HP Scanjet G4050. 
 
 Contrast-Staining Method for CT Scanning 
 
An 80 mm long segment of the intact trunk region (from the level of the liver to the cranial edge 
of the first dorsal fin) of DGHLAMP020 was contrast-stained in a 2% Lugol’s iodine aqueous 
solution for three weeks. This concentration and this staining duration were chosen to minimize 
shrinkage (see also Gignac et al. 2016).    
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 CT scanning 
 
A trunk segment of specimen DGHLAMP020 was scanned thrice with a Triumph II SPECT/CT 
System from TriFoil Imaging at the Small Animal Imaging Facility of the LSU School of 
Veterinary Medicine: Twice prior to contrast-staining with Lugol’s iodine, first with a 350 mA 
tube current at 50 kVp and subsequently with a 120 mA tube current at 75 kVp to evaluate the 
appropriate beam energy for maximizing contrast. Although lower beam energies generally 
return better contrast results for soft tissues, this was not the case here. After contrast-staining 
with Lugol’s iodine, the segment was scanned with a 120 mA tube current at 75 kVp. All 
datasets had a cubic voxel size of 0.154 x 0.154 x 0.154 mm. 
 
 MRI scanning 
 
Specimen DGHLAMP008 was scanned with a GE Discovery MR750w 3T MRI scanner at the 
Pennington Biomedical Research Center in Baton Rouge and an 8-channel wrist coil. The 
specimen was stabilized with foam supports to prevent movements during the scanning.   
 In view of the research goal being a realistic (realitätsgetreues) 3D model, some 
particularities of the MRI scans needed to be considered. Since the MRI scans excite generally 
hydrogen atoms within tissues and measure the radio frequency signal emitted as the atoms 
return to equilibrium (Dale et al. 2015), the summation of all radio frequencies emitted by a 
larger volume and, hence, a larger number of hydrogen atoms, more accurately reflect the 
hydrogen concentration of a particular tissue. To maximize the pixel and contrast resolutions in 
the reference plane of a scan, the pixels in the reference plane need to be as small as possible, 
while the slice thickness in the planes perpendicular to the reference plane need to be as large as 
possible, with the result that the voxels of a scan are usually non-cubic.  
 MRI scans can be acquired as either 2D or 3D scans. In a 2D MRI scan, slices are 
individually excited and measured in the direction perpendicular to the reference plane. As a 
result, slice thickness often exceeds the pixel size in the reference plane so that the voxels are 
anisotropic, or non-cubic (see Dale et al. 2015). In a 3D MRI, a large volume of tissue is excited 
and measured in the direction perpendicular, as well as parallel, to the reference plane. As a 
result, the voxels are less anisotropic than in 2D MRI, because the slices are generated in 
postprocessing rather than one at a time (Dale et al. 2015). 
 Our scans were acquired in two magnetization modalities (i.e., T1-weighted and T2-
weighted), which measure different physical parameters of the tissues and generate, therefore, 
not mere inverse, but different images with different contrasts. The parameters of the 
magnetization modalities were chosen to produce the highest contrast among the tissue through 
trial, previewing, and comparison. This process involved several sessions of several hours. 
 Since our aim was a 3D model, and since the time available for scanning was limited, two 
3D MRI scans (one for each magnetization modality) were acquired in the transverse (xy) 
reference plane, each with a field of view (FOV) of 130 mm x 78 mm for a total of 256 slices 
with a thickness of 1.2 mm and an overlap of 0.6 mm between adjacent slices. The resulting 
datasets had a voxel size (x, y, z) of 0.2539 mm x 0.2539 mm x 0.6 mm and, thus, a pixel size (x, 
y) of 0.2539 mm x 0.2539 mm in the transverse reference plane, a pixel size (y, z) of 0.2539 mm 
x 0.6 mm in the sagittal plane, and a pixel size (x, z) of 0.2539 mm x 0.6 mm in the horizontal 
plane (consult Fig. 3.1). These parameters represent a tradeoff between the need to have thick 
slices (1.2 mm) for high contrast resolution in the transverse reference plane and, at the same 
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time, voxels with a lesser effective depth (0.6 mm) to maximize the pixel resolution in the 
sagittal and horizontal planes. The parameters of the two scans were: (A) A T1-weighted 3D 
MRI scan with a fast spoiled gradient echo (FSPGR) sequence, a repetition time (TR) of 8 ms, an 
echo time (TE) of 3.9 ms, an image matrix of 288 x 288, and a scanning time of ca. 8 minutes. 
Figure 3.1. Diagram of non-cubic voxels of three MRI scans in different reference planes relative 
to the anatomical coordinate system of a lamprey to explain the different voxel shapes and 
orientations. (A) Diagram of a trunk segment of a lamprey within its anatomical coordinate 
system. (B-D) Voxels oriented in different planes within the anatomical coordinate system of the 
specimen; the pixel oriented in the reference plane of the MRI scan is highlighted in red. (B) 
Voxel from an MRI scan in the transverse (xy) reference plane. (C) Voxel from an MRI scan in 
the sagittal (yz) reference plane. (D) Voxel from an MRI scan in the horizontal (xz) reference 
plane. 
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(B) A T2-weighted 3D MRI scan using a GE CUBE sequence with a TR of 1800 ms, a TE of 
108 ms, an image matrix of 256 x 256, and a scanning time of ca. 10 minutes.  
 Because the pixel and contrast resolutions in the planes perpendicular to the transverse 
reference plane of the 3D MRI scans were not satisfactory (consult Fig. 3.1), two 2D MRI scans 
(one for each magnetization modality) were acquired in the sagittal (yz) reference plane with a 
FOV of 150 mm x 90 mm and an image matrix of 384 x 256 for a total of 25 slices with a 
thickness of 1.5 mm and no space between adjacent slices. The resulting datasets had a voxel 
size (x, y, z) of 1.5 mm x 0.293 mm x 0.293 mm and, hence, a pixel size (y, z) of 0.293 mm x 
0.293 mm in the sagittal reference plane, a pixel size (x, y) of 1.5 mm x 0.293 mm in the 
transverse plane, and a pixel size (x, z) of 1.5 mm x 0.293 mm in the horizontal plane. The 
parameters of the two scans were: (A) A T1-weighted 2D MRI scan with a fast spin echo (FSE-
XL) sequence, a TR of 553 ms, a TE of 8.3 ms, and a scanning time of ca 2.5 minutes. (B) A T2-
weighted 2D MRI scan with a fast recovery fast spin echo (FRFSE-XL) sequence, a TR of 4176 
ms, a TE of 99.4 ms, and a scanning time of ca. 2 minutes.  
In addition, two 2D MRI scans (one for each magnetization modality) were acquired in the 
horizontal (xz) reference plane with a FOV of 150 mm x 90 mm and an image matrix of 384 x 
256 for a total of 41 slices with a thickness of 1.5 mm and no space between adjacent slices. The 
resulting datasets had a voxel size (x, y, z) of 0.293 mm x 1.5 mm x 0.293 mm and pixel size (x, 
z) of 0.293 mm x 0.293 mm in the horizontal reference plane, a pixel size (x, y) of 0.293 mm x 
1.5 mm in the transverse plane, and a pixel size (y, z) of 1.5 mm x 0.293 mm in the sagittal 
plane. The parameters of the two scans were: (A) A T1-weighted 2D MRI scan with a FSE-XL 
sequence, a TR of 603 ms, a TE of 8.3 ms, and a scanning time of ca. 3.5 minutes. (B) A T2-
weighted 2D MRI scan with a FRFSE-XL sequence, a TR of 3100 ms, a TE of 99.4 ms, and a 
scanning time of ca. 4.5 minutes. 
 
 3D Visualization and Modeling 
 
The software Avizo® 9.2 (Thermo Fisher Scientific 2017) was used to visualize the MRI data 
and to create a realistic 3D model of the trunk musculature of a lamprey. This software program 
allows the display and analysis of various aspects of MRI data in the Project View. To create a 
3D model of particular structures of a specimen (e.g., myosepta of a lamprey), the voxels 
corresponding to these structures need to be marked (i.e., segmented) so that they can be 
visualized separately from the rest of the tissues. 
 Based on our previously acquired knowledge of the morphology of the trunk musculature 
of lampreys from microdissection, individual structures in each acquired dataset were manually 
segmented by using the Segmentation Editor module in Avizo®, which displays the 3D data in a 
Four-viewer mode with one window (the 3D Viewer) displaying various aspects of a MRI 
dataset, and three windows (in the Three-slice viewer), each of them representing the pixels (i.e., 
sides of a voxel) visible in one of the three orthogonal planes.  
 Initially, all voxels of a particular dataset were assigned to a single Material of a Label 
Field. To mark individual voxels, pixels in any of the displayed windows were labelled using the 
Brush tool, which colors the selected pixels red and also automatically colors the pixels in the 
other orthogonal planes, as well as the corresponding voxels in the 3D Viewer. When the marked 
voxels were assigned to a separate Material that corresponded to a structure of interest, they 
changed to the color of the Material. To visualize the segmented Materials in 3D, the Generate 
Surface and Surface View modules were used. To increase the level of accuracy in segmentation, 
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twin MRI datasets of different magnetization modalities with different contrast gradients were 
alternately displayed in the Three-slice viewer to supply additional information, this being 
possible because they had been acquired (1) of the same particular specimen; (2) in the same 
orientation; (3) in the same reference plane; and (4) with the same voxel dimensions and 
coordinates. In order to provide an additional arithmetic modality with a third contrast gradient 
to further increase the segmentation accuracy, we also calculated the difference in voxel intensity 
by subtracting the T1-weighted datasets from the T2-weighted datasets by using the Arithmetic 
module in Avizo®. We chose to subtract the T1-weighted datasets from the T2-weighted 
datasets because it generated the greatest contrast for supplementing the T1-weighted and T2-
weighted datasets. This new, computed dataset had the same voxel size and slice numbers as the 
original T1-weighted and T2-weighted datasets, and all datasets were used for the segmentation 
of the connective tissue myosepta. 
 Because the resolution of MRI scans acquired in different reference planes varies (see 
above), the thin and spatially complexly configured myosepta were only partially visible in the 
3D MRI datasets acquired in the transverse reference plane and in the 2D MRI datasets acquired 
in the sagittal reference plane, even though they were known to exist based on previous 
morphological analyses and on the 2D MRI datasets acquired in the horizontal reference plane. 
Hence, we developed a recursive segmentation method that uses the 2D MRI datasets acquired in 
the horizontal reference plane to reconstruct the missing parts of the myosepta from the 3D MRI 
datasets that were acquired in the transverse reference plane. As a first step, the parts of the 
structure that were visible in the segmentation window were segmented for the 3D datasets and 
the 2D datasets separately. Second, the 2D dataset acquired in the horizontal reference plane was 
selected to generate a “semitransparent” Surface in the Project View. Third, the Segmentation 
Editor was opened to display the 3D datasets acquired in the transverse reference plane, which 
had the smallest voxel dimensions, in the Three-slice viewer. Fourth, the semitransparent Surface 
created earlier was made “visible” in the 3D Viewer. In the Three-slice viewer, all the voxels 
from the 3D datasets that fell within the boundaries of the semitransparent Surface were marked 
and assigned to a Material corresponding to the myoseptum. 
 
 Results 
 
 General Morphology of the Trunk Musculature of the Sea Lamprey 
 
The trunk of Sea Lampreys comprises axial skeletal structures and centrally located viscera, 
which are surrounded by the periaxial and perivisceral fasciae, respectively (Figs. 3.2; 3.3). The 
trunk musculature is segmentally arranged in myomeres that are separated by myosepta. The 
myomeres are formed of muscle fibers that are grouped within muscle blocks (Fig. 3.4). The 
myosepta consist actually of individual tendon fibers that interconnect individual muscle fibers 
of adjacent myomeres and are aligned and held together by an amorphous extracellular matrix, 
creating the impression of a thin connective tissue sheet (Fig. 3.4). These tendon fibers are not to 
be confused with the much thicker myoseptal tendons described by Vogel and Gemballa (2000). 
The myosepta are anchored medially to the periaxial and perivisceral fasciae and peripherally to 
the dermis and dorsal longitudinal ligament, thereby creating a connective tissue skeletal 
framework. The outer caudal edge of a myoseptum follows the outer contours of the trunk, 
whereas the inner cranial edge follows the contour of the central organs. The elongated ribbon-
like dorsal portion of a myoseptum is vertically oriented and runs almost parallel to the mid-
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dorsal line so that its external surface faces laterally. Its vertical height spans the short distance 
between the fat column and the dorsal periphery of the musculature (Fig. 3.3B). Caudally, it 
expands into the sheet-like periaxial portion, twists gradually so that its external surface faces 
latero-cranially at an acute angle to the notochord, and becomes thinner as it reaches the 
periphery of the trunk (Figs. 3.2; 3.3A-B). As it extends ventrally into the perivisceral portion, 
the myoseptum twists further so that its external surface now faces cranio-laterally at a wider 
angle to the notochord (Fig. 3.3). Farther ventrally, the myoseptum narrows again into the 
elongated ribbon-like ventral portion, which is vertically oriented, spans the short distance 
between the coelom and ventral periphery of the musculature, and runs almost parallel to the 
mid-ventral line so that its external surface faces laterally (Fig. 3.3B). 
 
 Visualization of the Trunk Morphology in CT Data 
 
The CT data of the unstained specimen DGHLAMP020 did not reveal any soft tissue structures 
in either the high or the low beam energy scans (Fig. 3.5A). The CT data of the subsequently 
contrast-stained specimen with Lugol’s revealed some central structures, but only faint shadows 
of parts of the myosepta, which are distorted because of the 47% shrinkage of the specimens 
from 30 mm width, 40 mm height, and 80 mm length to 22 mm width, 26 mm height, and 70 mm 
length (Fig. 3.5B). 
 
 
 
Figure 3.2. Diagram of a trunk segment of a lamprey to show the main morphological structures. 
Cranial is to the left. (Modified from Peters and MacKay, 1961) 
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Figure 3.3. Transverse sections through the trunk of a Sea Lamprey (Petromyzon marinus) to 
show the main morphological structures, the arrangement of the myosepta, and the myoseptal 
attachments to the periaxial and perivisceral fasciae and the connective tissue that underlies the 
epidermis. (A) Document scanner scan of a female specimen (DGHLAMP020). (B) Histological 
section of a male specimen (DGHLAMP009; stained with Movat Pentachrome after Verhöff). 
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 3D Visualization of Thin Myosepta within the Lamprey Trunk from MRI Data  
 
With the exception of the perivisceral portions and the peripheral parts of the periaxial portions 
of the myosepta (Fig. 3.6A-C), each soft tissue structure that is visible in the other preparations 
(i.e., cross-sections scans and histological sections) is also identifiable in the transverse reference 
plane of the 3D MRI datasets (Figs. 3.3; 3.6A) as well as in the sagittal and horizontal planes 
perpendicular to the reference plane (Figs. 3.6B-E; 3.7A-C). Yet, the perivisceral portions and 
the peripheral parts of the periaxial portions of the myosepta are identifiable only in the reference 
planes of the 2D MRI datasets that were acquired in the sagittal and horizontal reference planes 
(Fig. 3.7E, I), which have a higher pixel resolution than the planes perpendicular to the reference 
planes (Figs. 3.7D, F, G, H; 3.8).  
Figure 3.4. Mesoscopic image of dissected tendon fibers aligned within a myoseptum and 
interconnecting muscle fibers within adjacent myomeres of a Sea Lamprey (Petromyzon 
marinus; DGHLAMP003). Cranial is to the left. 
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 However, the vertically oriented dorsal and ventral portions of the myosepta are not 
identifiable in the 2D MRI datasets that were acquired in the sagittal reference plane (Fig. 3.7D, 
E). In contrast, they are identifiable as parts of complete myosepta in the 2D MRI datasets that 
were acquired in the horizontal reference plane (not shown in a figure).  
 The segmented myoseptum from the 2D MRI datasets that were acquired in the sagittal 
reference plane is a composite of partial segmentations in the sagittal plane based on small, 
square pixels and various magnetization and arithmetic modalities (Fig. 3.9A-D) and comprises 
few (ca. 9) Orthoslices. The resulting incomplete and discontinuous 3D model of a myoseptum is 
based on rectangular voxels whose depth is oriented perpendicular to the reference plane (Fig. 
3.9E-F). It lacks the dorsal and ventral portions of the myoseptum and shows significant gaps in 
the rest of the myoseptum (Fig. 3.9E-F).  
 The segmented myoseptum from the 2D MRI datasets that were acquired in the 
horizontal reference plane is a composite of partial segmentations in the horizontal plane based 
on small, square pixels and various magnetization and arithmetic modalities (Fig. 3.10A-D). It 
comprises more (ca. 30) Orthoslices than in the sagittal reference plane and, therefore, creates a 
more complete and less discontinuous 3D model that shows all portions of the myoseptum (Fig. 
3.10E-F). Nevertheless, this 3D model is jagged with some gaps (Fig. 3.10E-F). Hence, neither 
model reconstructed from the two 2D datasets conforms to the smooth curvatures of an actual 
myoseptum, which were observed through the morphological analysis (Fig. 3.3) and need to be 
reconstructed for the eventual modeling of the structure and function of the trunk musculature.  
Figure 3.5. Orthoslices from x-ray CT datasets of the trunk of a Sea Lamprey (Petromyzon 
marinus; DGHLAMP020) to show the poor contrast resolution in and the effects of shrinkage on 
soft tissues without a hard skeletal framework. Circular patterns are artefactual. (A) Prior to 
contrast-staining. (B) After contrast staining with 2% Lugol’s aqueous iodine for three weeks. 
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Figure 3.6. Orthoslices from a 3D MRI dataset acquired in the transverse reference plane of the 
trunk of a Sea Lamprey (Petromyzon marinus; DGHLAMP008) in the T1-weighted 
magnetization modality to show the main morphological structures; the dorsal, ventral, and most 
periaxial portions of the myosepta are visible, whereas the perivisceral and peripheral parts of the 
periaxial portions are not clearly identifiable. (A) Transverse section with high pixel resolution; 
the hatched lines indicate the levels of the orthoslices in (B-E). (B-C) Sagittal sections with low 
pixel resolution. (B) Median (sagittal) section. (C) Sagittal (parasagittal) section. (D-E) 
Horizontal sections with same pixel resolution as the sagittal sections (B-C). (D) At the level of 
the notochord. (E) At the level the coelom.  
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Figure 3.7. Orthoslices from MRI datasets of the trunk in a Sea Lamprey (Petromyzon marinus) 
in the T1-weighted magnetization modality to show differences in pixel resolution depending on 
the reference plane of a MRI scan. (A-C) 3D MRI dataset acquired in the transverse reference 
plane. (A) Transverse section with a high pixel resolution and a pixel size (x, y) of 0.2539 mm x 
0.2539 mm. (B) Median (sagittal) section with a low pixel resolution and a pixel size (y, z) of 
0.2539 mm x 0.6 mm. (C) Horizontal section with a low pixel resolution and a pixel size (x, z) of 
0.2539 mm x 0.6 mm. (D-F) 2D MRI dataset acquired in the sagittal reference plane. (D) 
Transverse section with a low pixel resolution and a pixel size (x, y) of 0.293 mm x 1.5 mm. (E) 
Median section with a high pixel resolution and a pixel size (y, z) of 0.293 mm x 0.293 mm. (F) 
Horizontal section with a low pixel resolution and a pixel size (x, z) of 1.5 mm x 0.293 mm. (G-
I) 2D MRI dataset acquired in the horizontal reference plane. (G) Transverse section with a low 
pixel resolution and a pixel size (x, y) of 1.5 mm x 0.293 mm. (H) Median section with a low 
pixel resolution and a pixel size (y, z) of 1.5 mm x 0.293 mm. (I) Horizontal section with a high 
pixel resolution and a pixel size (x, z) of 0.293 mm x 0.293 mm. 
(figure cont’d.) 
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 The segmented dorsal and periaxial portions of a myoseptum from the 3D MRI datasets, 
which were acquired in the transverse reference plane, is a composite from partial segmentations 
in all three planes, each based on small pixels and various magnetization and arithmetic 
modalities (Fig. 3.11A-L). This 3D model of a myoseptum is continuous and much smoother 
(Fig. 3.11M-N) and even comprises the peripheral parts of the periaxial portions as it involves 
many more (ca. 200) Orthoslices, but its perivisceral portions are missing. Therefore, the 
perivisceral portions of the myoseptum in the 3D MRI datasets needed to be reconstructed from 
the 2D MRI data through a recursive segmentation method: A shell of the perivisceral portion 
was created from the 2D MRI datasets that were acquired in the horizontal reference plane (Fig. 
3.12A), visualized in the 3D Viewer of the Segmentation Editor (Fig. 3.12B), and filled with the 
small voxels of the 3D MRI datasets (Fig. 3.12C-E). This 3D model of a complete myoseptum 
has the highest pixel and spatial resolution possible to approximate the natural smooth curvature 
of an actual myoseptum (Fig. 3.12F). 
 The integration of the individual 3D models of sequential myosepta results in a realistic 
(realitätsgetreues) 3D model of the connective tissue skeletal elements of the trunk musculature 
of a lamprey (Fig. 3.13).   
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Figure 3.8. Orthoslices from MRI datasets of the trunk in a Sea Lamprey (Petromyzon marinus) 
in two magnetization and one arithmetic modalities [T1-weighted, T2-weighted, (T2-weighted 
minus T1-weighted)] to show differences in the contrast resolution of the tissues. Each 
Orthoslice is shown in the reference plane of its MRI dataset and has, therefore, the highest pixel 
resolution. (A-C) Transverse Orthoslices from a 3D MRI dataset acquired in the transverse 
reference plane. (A) T1-weighted. (B) T2-weighted. (C) Computed T2-weighted minus T1-
weighted. (D-F) Median (sagittal) Orthoslices from a 2D MRI dataset acquired in the sagittal 
reference plane. (D) T1-weighted. (E) T2-weighted. (F) Computed T2-weighted minus T1-
weighted. (G-I) Horizontal Orthoslice from a 2D MRI dataset acquired in the horizontal 
reference plane.  (G) T1-weighted. (H) T2-weighted. (I) Computed T2-weighted minus T1-
weighted. 
(figure cont’d.) 
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Figure 3.9. Segmentation of a myoseptum from sagittal Orthoslices with a pixel size (y, z) of 
0.293 mm x 0.293 mm from 2D MRI datasets acquired in the sagittal reference plane in different 
magnetization and arithmetic modalities revealing different parts of the same myoseptum for 
accurate segmentation, as well as the unsatisfactory 3D model based on the few thick slices 
available in the sagittal reference plane. Yellow represents the segmented parts of the 
myoseptum. (A-C) Partial visibility and segmentation of a myoseptum in the same section of the 
MRI scan with different modalities. (A) T1-weighted. (B) T2-weighted. (C) Computed T2-
weighted minus T1-weighted. (D) Composite segmentation from the partial segmentations in A-
C. (E-F) 3D model of the completely segmented myoseptum. (E) Cranio-lateral view. (F) 
Cranio-dorsal view.    
62 
 
 
 
 
 
 
 
 
 
 
Figure 3.10. Segmentation of a myoseptum from horizontal Orthoslices with a pixel size (x, z) of 
0.293 mm x 0.293 mm from 2D MRI datasets acquired in the horizontal reference plane in 
different magnetization and arithmetic modalities revealing different parts of the same 
myoseptum for accurate segmentation, as well as the unsatisfactory 3D model of the myoseptum 
based on large pixels. Turquoise represents the segmented parts of the myoseptum. (A-C) Partial 
visibility and segmentation of a myoseptum in the same section of the MRI scan with different 
modalities. (A) T1-weighted. (B) T2-weighted. (C) Computed T2-weighted minus T1-weighted. 
(D) Composite segmentation from the partial segmentations in A-C. (E-F) 3D model of the 
completely segmented myoseptum. (E) Cranio-lateral view. (F) Cranio-dorsal view.       
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Figure 3.11. Segmentation of the dorsal and periaxial portions of a myoseptum (the perivisceral 
portion not being clearly visible) from 3D MRI datasets acquired in the transverse reference 
plane in different magnetization and arithmetic modalities revealing different parts of the same 
portions of the myoseptum for accurate segmentation, as well as the 3D model of the visible 
portions of the myoseptum based on large voxels. Blue represents the segmented parts of the 
dorsal and periaxial portions of the myoseptum. (A-D) Partial visibility and segmentation of the 
dorsal and periaxial portions of the myoseptum in the same transverse section of the MRI scan 
with different magnetization and arithmetic modalities. (A) T1-weighted. (B) T2-weighted. (C) 
Computed T2-weighted minus T1-weighted. (D) Composite segmentation from the partial 
segmentations in A-C. (E-H) Partial visibility and segmentation of the dorsal and periaxial 
portions of the myoseptum in the same sagittal section of the MRI scan with different 
magnetization and arithmetic modalities. (E) T1-weighted. (F) T2-weighted. (G) Computed T2-
weighted minus T1-weighted. (H) Composite segmentation from the partial segmentations in E-
G. (I-L) Partial visibility and segmentation of the dorsal and periaxial portions of the myoseptum 
in the same horizontal section of the MRI scan with different magnetization and arithmetic 
modalities. (I) T1-weighted. (J) T2-weighted. (K) Computed T2-weighted minus T1-weighted. 
(L) Composite segmentation from the partial segmentations in I-K. (M-N) 3D model of the 
completely segmented dorsal and periaxial portions of the myoseptum. (M) Cranio-lateral view. 
(N) Cranio-dorsal view.  
(figure cont’d.)      
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Figure 3.12. Recursive segmentation. (A) Semitransparent 3D model of a myoseptum (shell) 
segmented from the 2D MRI datasets acquired in the horizontal reference plane. (B-E) 
Screenshot of the 3D MRI datasets acquired in the transverse reference plane in the 
Segmentation Editor of Avizo®. (B) 3D view of the dorsal and periaxial portions of the 
myoseptum segmented from the 3D MRI dataset acquired in the transverse reference plane 
(blue), superimposed on the semitransparent Surface View of the 3D model shown in (A; 
turquoise), and voxels corresponding to the segmented pixels in (C-E; red). (C) Transverse 
Orthoslice. (D) Sagittal Orthoslice. (E) Horizontal Orthoslice. (F) Complete 3D model of a 
myoseptum (blue), the perivisceral portion of which was segmented from the perivisceral portion 
of the semitransparent 3D model shown in (A; turquoise). 
(figure cont’d.)    
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  Discussion 
 
 The Importance of Realistic Models  
 
Models are employed by morphologists in their analyses of complex organisms and deployed to 
communicate their conceptualizations to their audience. As representations of real structural 
complexes, models allow the integration of theory with observational data to provide 
Figure 3.13. Integrated 3D model of myosepta and some other soft tissue structures in the trunk 
of a Sea Lamprey (Petromyzon marinus). Cranial is to the left. (A) Caudo-lateral view. (B) 
Dorso-caudo-lateral view. (C) Ventro-caudo-lateral view. 
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understanding and a basis for explanation (Bailer-Jones 2009; Knuuttila and Merz 2009; Wood 
2013; Gelfert 2016; Bokulich 2017). The more accurate and realistic the model of a structural 
complex, the more effective and true will be the understanding and the more complete and 
accurate will be the explanation. An accurate and realistic structural model is, therefore, crucial 
for its subsequent use in analyzing functional aspects and for testing the realism of the original 
conceptualization of the structural complex (Homberger 1986, 1988; Wood 2013). Because no 
single dataset or method of analysis captures all aspects of a structural complex, multiple 
methods and datasets are required to achieve an integrated and synthesized explanatory model. In 
this respect, the emerging possibilities of creating realistic 3D models instrumentally increases 
the explanatory power and understanding.  
 A model grows from the original question of a research project and drives the selection of 
its essential features. As a result, the model is an abstracted (i.e., devoid of data that are 
irrelevant to the original question) and idealized (some details are simplified) representation and 
not a duplicate of the original structural complex. The accuracy and realism of a model is 
determined by how well it fits with what is already known and understood about the structural 
complex. Therefore, testing the accuracy and realism of a model is dependent upon how well it 
addresses the original question and how well it can be integrated into the prior understanding of 
the original structural complex. In addition, the methodology used to build the model is initially 
tested by its genesis from the currently accepted background theories and practices (Wood 2013) 
and is further tested by evaluating how well it synthesizes multiple datasets into the completed 
model. In summary, “scientific methodology, dictated by currently accepted theories, is reliable 
at producing further knowledge precisely because…currently accepted theories are relevantly 
approximately true” (Boyd 1990: 362). 
 
 3D Imaging as a Non-destructive Methodology 
 
In contrast to traditional analytical methods in morphology, such as microdissection and 
histology, recent methods based on 3D data acquisition, such as CT and MRI, are non-
destructive and can be applied even to living organisms. Of these methods, MRI scanning is the 
less commonly used method of 3D data acquisition for non-clinical and anatomical research, 
mainly because of the costs involved, the complex scanning parameters, and the needed 
postprocessing of the data that are based usually on non-cubic voxels. The latter is best explained 
through a brief review. 
 MRI scans excite certain atomic nuclei (generally hydrogen atoms) within tissues and 
measure the radio frequency signal emitted as the atoms return to equilibrium (Dale et al. 2015). 
The magnetization of hydrogen atoms is most often used as a basis for an MRI scan because they 
are ubiquitous in biological tissues. The statistical summation of all the radio frequencies emitted 
by a particular volume and number of hydrogen atoms determines the intensity value of voxels. 
The thicker the slices of a scan, the greater the accuracy with which the hydrogen concentration 
of a particular tissue is represented in the reference plane and, hence, the greater the contrast 
among adjacent tissues. Thicker slices, however, necessarily also result in non-cubic voxels with 
greater depth in the planes perpendicular to the reference planes.   
 Hence, if the objective is a 3D model of a structure, there is an unavoidable trade-off 
between a high pixel/voxel resolution and a high contrast resolution of the pixels. For example, 
on the one hand, scanning parameters can be selected to achieve a high pixel resolution and high 
contrast in the reference plane of a MRI scan, but only at the cost of large rectangular pixels in 
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the planes perpendicular to the reference plane (e.g., in 2D MRI scans). On the other hand, 
scanning parameters can be selected to approximate cubic voxels with a high pixel resolution in 
all planes, but only at the cost of a reduced contrast resolution in all planes (e.g., in 3D MRI 
scans). Therefore, in order to produce a 3D model that is based on data with high pixel and 
contrast resolution in all planes for maximum precision in segmentation as well as maximum 
spatial resolution of the 3D model, more than one MRI dataset are needed to offset the inherent 
quality trade-off in each MRI dataset. 
 The visualization of thin structures with complex spatial configurations, such as 
myosepta, fasciae, aponeuroses, and small nerves and blood vessels, poses a special problem due 
to the inherent properties of MRI data. When such a structure runs parallel to the reference plane 
of an MRI scan and is thinner than the voxel depth, its intensity value tends to be subsumed in 
the calculated overall intensity value of the voxel that includes adjacent tissues. As a result, such 
a thin structure may not be identifiable as such. However, a thin structure that runs perpendicular 
to the reference plane of an MRI scan would fill the entire depth of a voxel and, therefore, be 
visible. Hence, thin structures with complex spatial configurations may be visible in MRI scan in 
particular reference planes, but not in others. 
 The contrast resolution of soft tissues within a dataset is also affected by the 
magnetization modalities of MRI scans, since each is characterized by different parameters. 
Because the images generated by the different magnetization modalities are not simply positive-
negative versions of the same image, it is possible to generate another “modality” with yet 
another image contrast by arithmetically subtracting the data of one magnetization modality from 
the other 
 
 3D Modeling of Lamprey Myosepta from MRI Datasets 
 
In keeping with the theoretical and practical aspects of MRI technology and with the goal of 
generating a realistic 3D model of the myosepta, a trunk segment of a lamprey was first 
subjected to a 3D MRI scan acquired in the transverse reference plane to optimize the 
visualization of the thin connective tissue myosepta, which were thought to be oriented mostly 
longitudinally or at a narrow angle relative to the notochord (Fig. 3.6). This MRI scan made 
available a large number of slices (ca. 200) and voxels for the segmentation of the myosepta, 
which generated a smooth 3D model that accurately and precisely followed the curvatures of the 
myosepta. However, despite the small pixel size in the transverse reference plane, these 3D 
datasets poorly visualized the perivisceral portions of the myosepta, which twist towards an 
orientation that is more parallel to the transverse reference plane (Fig. 3.11). The peripheral parts 
of the periaxial portions of the myosepta were also poorly visualized, because they are thinner 
than their central parts, so that their intensity value was subsumed within the average intensity 
value of the voxels that included other tissue. However, the perpendicular orientation of the 
perivisceral portions and the peripheral parts of the periaxial portions to the sagittal and 
horizontal reference planes of the 2D MRI datasets rendered them more clearly visible. 
 The segmentation of the myosepta from the 2D MRI datasets acquired in the sagittal 
reference plane had only a limited number of slices (ca. 9) and voxels at its disposal for the 
generation of a 3D model. As a result, the 3D model of the segmented periaxial and perivisceral 
portions of a myoseptum was discontinuous with large gaps because the thick successive slices 
could not follow the curvatures of a myoseptum (Fig. 3.9). Furthermore, the thin dorsal and 
ventral portions of the myosepta were invisible because of their nearly parallel orientation to the 
70 
sagittal reference plane of the 2D MRI scan, so that their intensity value was subsumed within 
the average intensity value of a voxel that included other tissue.  
 The segmentation of the myosepta from the 2D MRI datasets acquired in the horizontal 
reference plane had a larger number of slices (ca. 30) and voxels at its disposal for the generation 
of a 3D model. The entire myosepta were visible and could be segmented because of their 
perpendicular orientation to the horizontal reference plane of the 2D MRI scan. Nevertheless, the 
3D model of the segmented myosepta was jagged and discontinuous with gaps, albeit less so 
than the myosepta segmented from a 2D MRI acquired in the sagittal reference plane (Fig. 3.10). 
The jagged appearance of the edges of the 3D model is due to the rectangular voxels with greater 
dorso-ventral depth imprecisely following the gradual curvature of the periaxial and perivisceral 
portions of the myosepta. Furthermore, the representation of the dorsal and ventral portions of 
the myosepta was limited to a few segmented slices due to their small vertical height. Still, the 
segmented 3D model of the perivisceral portion of a myoseptum was serviceable enough to 
guide the reconstructive recursive segmentation of the perivisceral portion of the myosepta from 
the 3D MRI datasets (Fig. 3.12).  
 To summarize, the 3D MRI datasets acquired in the transverse plane had the small voxel 
size for generating a realistic 3D model, but were missing data on the perivisceral portions and 
the peripheral parts of the periaxial portions of myosepta. In contrast, the 2D MRI datasets 
acquired in the horizontal reference plane contained the data of complete myosepta. However, 
the segmentation resulted in somewhat rough 3D model, which could, nevertheless, be used to 
guide the segmentation of a complete myoseptum in the 3D MRI datasets to generate a realistic 
and complete 3D model (Fig. 3.13).           
 
 Conclusions 
 
A realistic model of a complete myoseptum is required for an accurate and precise investigation 
into the biomechanics of myomere contraction and lamprey locomotion, but could be achieved 
only by combining the information from multiple MRI datasets acquired in different reference 
planes and with different magnetization parameters of the same specimen in the same position. 
Unlike CT scans in which voxel intensity values are correlated to intuitively understandable 
physical properties (i.e., Hounsfield units that can be related to particular tissues), MRI data and 
their intrinsic complexity are more challenging to interpret and, therefore, require a thorough 
knowledge and understanding of the morphology of the scanned specimens for the correct 
interpretation of MRI data, especially in the case of non-mammalian species.  
 Although some aspects of the connective tissue myosepta in lampreys were studied 
previously (e.g., Potter and Welsch 1992; Vogel 2000; Vogel and Gemballa 2000; Wood et al. 
2012a, b), the exact spatial configuration remained challenging to visualize and model. However, 
the current 3D model based on MRI data provided a thorough understanding of the spatial 
configurations of myosepta without the shrinkage and distortions common with other 
visualization techniques (e.g., histology, x-ray CT). Such a model is essential for the analysis of 
the orientation and biomechanical role of the muscle fibers interconnecting the tendon fibers 
within the myosepta and is a precondition for a realistic dynamic model of the undulations 
involved in lamprey locomotion (Wood et al. 2012a, b, 2016).   
 The currently developed method for visualizing myosepta through non-destructive MRI 
imaging techniques is also applicable to the visualization of other thin connective tissue 
structures with complex spatial configurations (e.g., fasciae and aponeuroses) and other soft 
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tissue structures (e.g., small nerves and blood vessels). The anatomy and morphology of such 
structures and organs are becoming increasingly important as the foundation for clinical research 
of the skeletomuscular system (e.g., Stecco 2015) and for the further exploration of tensegrity 
(see Levin 2006; Scarr 2014; Homberger 2017). Furthermore, as the clinical use of MRI will 
tend to replace x-ray CT to diagnose soft tissue pathologies, such as appendicitis (Aspelund et al. 
2014), especially in women of reproductive age (Ramalingam et al. 2015), in mammograms 
(Yang et al. 2008; Raikhlin et al. 2014), and for prostate cancer screenings (Murphy et al. 2013; 
Zhang et al. 2014; Shah et al. 2015), MRI scanners are likely to become more accessible also for 
non-clinical fundamental research in anatomy and functional morphology.  
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 The Role and Power of 3D Models in Functional Morphology: A Tool 
for Generating Hypotheses, Capturing Conceptualizations, Enriching 
Explanations, and Facilitating Communication 
 
 Introduction 
 
Morphologists depend on models, which are interpretative descriptions and representations, to 
help them describe, understand, explain, and communicate the inherent complexity of organisms. 
Models make two important contributions to morphological research: First, they increase the 
power of interpretation and explanation through their function as a methodological node for 
integrating relevant background knowledge, concepts, theories, and principles and for bringing 
these to bear on empirical data. Second, by producing shareable representations, models enhance 
the transparency and objectivity of morphological research. Models have, therefore, played a 
central role in morphological research as illustrations (e.g., Calkins et al. 1999; Homberger and 
de Silva 2003; Homberger and Walker 2004; Kemp 2010; Netter and Friedlaender 2014; Longo 
and Reynolds 2016), physical objects (e.g., Sollas 1903; Dacome and Peters 2008; Ballestriero 
2010; Riva et al. 2010; Cornwall and Smith 2014), free body force diagrams (e.g., Bock 1966, 
1972; Gans 1974; Kardong 2003; Homberger and Walker 2004; Osborn 2013; Osborn and 
Homberger 2015), virtual reconstructions and animations (e.g., Nguyen et al. 2012; 
Lautenschlager 2013; Wood et al. 2018, 2019), and as model organisms that stand-in as 
analogies for more complex systems (e.g., Derenne et al. 1995; Simon 2002; Herring 2003; 
McCauley et al. 2015). These interpretative descriptions make invaluable contributions to 
achieving the explanatory goals of morphologists and are necessary for enabling the 
comprehension of organismal complexity. 
Modeling has received an increasing amount of attention from scientists and philosophers 
since the middle of last century (e.g., Rosenblueth and Wiener 1945; Black 1962; Hesse 1966; 
Levins 1966; Wartofsky 1979; Homberger 1988; Morgan and Morrison 1999; Alexander 2003; 
Godfrey-Smith 2006; Laubichler and Müller 2007; Portides 2008; Bailer-Jones 2002b, 2009; 
Wood 2013; Gelfert 2016; Gerlee and Lundh 2016; Ippoliti et al. 2016; Magnani and Bertolotti 
2017; Zuk and Travisano 2018). Models were shown to be central for scientific research and 
education by Nersessian (1999, 2002) and Passmore et al. (2014), and to have contributed to 
scientific theory by Downes (1992), and to understanding, prediction, and explanation in science 
by Knuuttila and Merz (2009), Frigg et al. (2015) and Bokulich (2017). Although broad views of 
modeling across the sciences are important for elucidating general principles, analyses of 
discipline-specific modeling practices must be undertaken within the particular research 
traditions and methodologies that define a discipline (Downes 2011; Gelfert 2017; Frigg and 
Hartmann 2018). Such analyses can provide important insights into how practitioners identify 
and address research problems and result in a deeper understanding of the inner workings of a 
specific discipline as well as of science as a whole (see Griesemer 2013). 
In recent decades, the rise of 3D imaging has profoundly influenced modeling in 
morphology by: (i) providing new sources of data from multiple modalities, such as x-ray 
computed tomography (CT), magnetic resonance imaging (MRI), ultrasound, 3D laser scanning, 
and neutron tomography; (ii) expanding the computational representations of complex structures 
and functions; and (iii) creating realistic 3D reconstructions of structures that can be visualized, 
manipulated, transformed, and even printed. This innovation warrants a reanalysis of modeling 
strategies and their theoretical justifications to appreciate why models based on 3D imaging (i.e., 
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“3D models”) are so useful for understanding and explaining organisms, to identify how they 
should be tested to maximize their explanatory power, and to clarify the methodologies that are 
involved in modeling (see also, for example, Francoeur and Segal 2004; Griesemer 2004).  
By building upon the work of other morphologists that have reflected on the concepts and 
methodologies of their discipline (e.g., Davis 1949; Bock and von Wahlert 1965; Bock 1988, 
1989; Dullemeijer 1974, 1980; Gans 1974, 1985; Wake 1982, 2009; Herring 1988; Lauder 
1995), this chapter is undertaking a systematic analysis of modeling in morphology to 
incorporate recent developments in 3D imaging techniques and current philosophical analyses on 
scientific modeling. The present chapter will use the 3D models presented in Chapter 3 to 
describe and discuss the processes of model building and testing, the support provided by models 
to the explaining and understanding of complex organismal structures and functions, and the 
facilitation of communicating research findings through models.  
 
 Model Building 
 
Modeling is a dynamic process that involves a complex interplay between empirical data, 
method, theory, and interpretation (Fig. 4.1; Table 4.1). 
Modeling was undertaken by two modelers with a knowledge of lamprey anatomy 
acquired from microdissection and histology and used to interpret the MRI data from which the 
myosepta, the dorsal longitudinal ligament, the fat column, the notochord, and the coelomic 
cavity were reconstructed (i.e., modeled; Fig. 4.2). The models of the various organs and 
structures were represented as 3D virtual interactive images with the computational program 
Avizo® and could be manipulated to change the viewing angle.  
Morphologists, like all scientists, use models to describe and interpret empirical data 
about a particular organism or system in order to achieve their research and explanatory goals 
(Hughes 1997; Boon and Knuuttila 2007; Bailer-Jones 2009; Chin 2011; Weisberg 2013; Gelfert 
2016), which concern the structures and functions of organisms. Models provide morphologists 
with interpretative descriptions and representations of structures and functions that are more 
easily comprehended than the complex organisms themselves. Morphologists, therefore, often 
learn about organisms through the analysis of models, which are simplified analogues of the 
actual structures or functions (Bailer-Jones 2002a), rather than through the analysis of the actual 
structures or functions. For example, the 3D model of the Sea Lamprey trunk was analyzed to 
understand the topographical relationships of the connective tissue structures within the trunk, 
something that could not be done easily by dissection of an actual lamprey. Hence, learning from 
models requires morphologists to engage in analogical reasoning about models that stand in as 
surrogates of the real thing (Contessa 2007). There are three distinct elements that are involved 
in this modeling and reasoning process: A modeler, a target, and a model that bridges the two.   
 
 The Modeler  
 
The modeler determines the research aims and explanatory goals of the modeling process and 
possesses the required expertise (e.g., background knowledge, theories, principles, experience, 
and creativity) to build, test, and use the models (Giere 2001, 2004, 2010; Knuuttila 2005; 
Weisberg 2013). In morphology, modelers initiate the modeling process in pursuit of a research 
question about a particular organismal structure or function (Homberger 1988). The subject of  
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the question and the context in which it is posed determine the theoretical and methodological 
framework of the research project and modeling environment, which is drawn upon to properly 
address a question and, thereby, reach the explanatory goals. This, in turn, determines the 
structure (i.e., construal) of the models by identifying and assigning the model targets, setting the 
model scope, and specifying the explanatory requirements that the models must meet in order to 
Figure 4.1. A flow chart showing the role that models play as a methodological node for 
integrating observations with theories and principles to describe, understand, explain, and 
communicate. Modified from Wood et al. 2019.  
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achieve the research goals (Godfrey-Smith 2006; Weisberg 2007, 2013). Hence, the initial 
research question is the most important step in model building.3  
 
Table 4.1. Definitions of terms used in modeling 
 
 The Model Target 
 
The target of a model is the phenomenon that a model aims to represent. In morphology, model 
targets are discrete aspects of organisms, such as the properties of an anatomical structure or the 
causal factors of structure’s function, and are the subject of the research questions posed by 
morphologists. Since research questions are formulated on the basis of the background and 
theoretical knowledge of morphologists, the choice of a model target is subject to the expertise 
and the theoretical knowledge of the modeler. Therefore, the identification of a model target 
depends upon the research question, which may be revised and rephrased as the research 
develops and the goal is modified.  
Upon the identification of a model target, empirical data can be collected in order to 
capture a record that includes the target in a manner that reflects the research goal. Since the data  
                                                 
3 “It is already a great and necessary proof of cleverness or insight to know what one should reasonably ask. For if 
the question is absurd in itself and demands unnecessary answers, then, besides the embarrassment of the one who 
proposes it, it also has the disadvantage of misleading the incautious listener into absurd answers, and presenting the 
ridiculous sight of one person milking a billy-goat while the other holds a sieve underneath” (Kant 2009, p. 197). 
Term Definitions 
Abstraction Process to intentionally exclude from the model empirical data that are not 
essential. 
Communication Transmission of knowledge to achieve understanding by a particular 
audience. 
Description An account, such as a narrative, an image, or a mathematical formula that 
attributes properties to a feature. 
Empirical data Records produced through interactions with a feature through the senses, 
experimentation, or tools, such as microscopes, cameras, CT scanners, 
thermometers, etc. 
Explanation A causal or mechanistic account that provides an answer to a why question 
about a feature. 
Feature Any organ, property, trait, form, or function of an organism. 
Idealization Process to intentionally reduce unessential complexity. 
Manipulation Direct interaction with a model. 
Model A methodological tool for integrating concepts, theories, principles, and 
background knowledge to interpret empirical data through idealization, 
abstraction, or manipulation to represent a feature. 
Representation An analogue of a feature, which can be studied instead of the real feature. 
Understanding A cognitive achievement that is characterized by a sense of satisfaction at 
having acquired the knowledge necessary to answer a question. Often 
associated with “aha” moments. 
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Figure 4.2. 3D model of the connective tissue structures in the trunk of a Sea Lamprey 
(Petromyzon marinus) reconstructed from MRI datasets. 
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or record about a target is distinct from the target itself, background knowledge, theories, and 
principles are required for interpreting the collected data in order to separate the data from 
irrelevant noise (Bogen and Woodward 1988, 1992; Woodward 1989, 2011). The choice of the 
modality of data collection needs to be guided so as to maximize the signal-to-noise ratio of the 
resulting data and should be suitable for meeting the research goals. Collecting data within the 
context of research goals reduces the range of parameters and techniques to those most 
appropriate for observing the target. Consequently, the relationship between data collection and 
research goals has led to important developments in data collection methods, such as the 
development of contrast staining for x-ray CT of otherwise invisible soft tissue structures and the 
development of functional MRI for observing dynamic processes within living organisms (e.g., 
Metscher 2009).  
 
 The Model 
 
Models are interpretative descriptions of their targets (Bailer-Jones 2005, 2009; Chin 2011) and 
are built by modelers by using their expertise (e.g., background and experiential knowledge, 
theories, principles, and creativity) to create theoretical and descriptive connections among 
various aspects of empirical data about the target. Therefore, the model acts as a methodological 
node and establishes conceptual linkages between the interpretations of the modeler and the 
empirical data about the target. Developing a model is an interactive process and much can be 
learned about the model target while the model is built. However, the primary objective of model 
building is to produce a representation that is more easily comprehended than the target itself 
(Hughes 1999; Bailer-Jones 2003, 2009; Giere 2004; Knuutila 2005). Models are simplified 
analogues of their targets, which can be analyzed and manipulated as a surrogate version of the 
real thing (Bailer-Jones 2002a; Contessa 2007). The efficacy of a model to meet the explanatory 
goals of the research project depends, however, on the choices that are made by the modeler 
about a number of model building trade-offs. 
 
 Trade-Offs of Model Building 
 
There are important trade-offs involved in the model building process that directly affect the 
outcome of the interpretations of the data and representations of the target (Levins 1966; Gelfert 
2016). Trade-offs are relationships between two or more model characteristics or attributes that 
cannot be simultaneously optimized. Instead, the realization of one attribute hinders the 
realization of another (Matthewson and Weisberg 2009). In the 3D model of the lamprey trunk, 
for example, visualization of the myosepta prevented the simultaneous visualization of the 
musculature, which would have obscured their shapes. 
Trade-offs can be multifaceted and interrelated, which complicates the choice of an 
appropriate model building strategy for achieving the explanatory goals of a research project. In 
morphological modeling specifically, these trade-offs include a choice between realism versus 
comprehensibility, minimizing the number of sub-models versus maximizing the explanatory 
power of the overall model, and specificity versus generality.   
One of the main motivations of morphologists for using models to study organisms is that 
their structures and functions are too complex to be understood or explained from direct 
observations alone. In short, organisms taken in their inherent complexity are incomprehensible. 
It may be that the best possible model is one that portrays its target with the highest possible 
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fidelity as measured in detail and realism. However, such a model would be a duplication of the 
target and would, therefore, present the same challenge of being too complex to comprehend as 
the actual target itself. Although this kind of model would be entirely, or globally, realistic, it 
would not be useful for the goals of a morphologist. What is preferable is a model that 
realistically depicts the features of interest, while abstracting or idealizing details that are less or 
not relevant for answering the question at hand.  
 
 Abstraction and Idealization 
 
Abstraction and idealization are deliberate processes that are performed by the modeler (Jones 
2005; Godfrey-Smith 2009). Abstraction is a process by which selected elements are deliberately 
omitted, whereas idealization is a process by which selected elements are deliberately simplified 
at the cost of realism to minimize complexity deemed irrelevant to the question that is pursued. 
These processes are reversible, as excluded elements can be added back to the model and 
simplified elements can be returned to their original state of realism and detail (McMullin 1985). 
The goal of the modeler is to abstract and ignore irrelevant properties, idealize and simplify 
superfluous details, while retaining a sufficient degree of realism concerning the properties and 
relations of the target to achieve the stated explanatory goals. Such a model would be locally 
realistic relative to the target, but globally less so as a result of the abstraction and idealization 
processes. The realism of a model should, therefore, be judged in comparison to the model 
representation of the elements of interest, but not in comparison to the organism in its entirety. In 
cases where structural properties are of interest, models may be quite detailed in description and 
appearance, whereas in cases where property relations or mechanisms are of interest, models 
may be detailed in representing the causal properties while being quite cartoonish in appearance.  
 For example, the 3D model of the lamprey trunk involved the abstraction of the 
musculature, the integument, and the rest of the body. These elements were left out to enable the 
visualization of the connective tissue structures. The reconstructions of the connective tissue 
structures were based on voxels from MRI datasets and, therefore, produced an idealized 
“surface texture” of the modeled structures. 
 
 Number of Sub-Models versus Explanatory Power 
 
Another trade-off in modeling involves the choice between minimizing the number of sub-
models versus maximizing the explanatory power. A model of a target can comprise multiple 
sub-models with each representing a particular aspect of a target. The model representation of 
the entire target would, thereby, result from the amalgamation of the sub-models. Each sub-
model would provide a detailed representation of a different aspect of the target, or a 
representation of the same aspect from a different perspective. By increasing the number of sub-
models that are included within a model of a target, the level of detail of the resulting model and 
the available perspectives subsequently increase. As a consequence, the model will be rich in 
content and will possess extensive explanatory power. However, the conceptual complexities 
involved in synthesizing and integrating the family of sub-models will be great and perhaps 
impractical. Hence, the goal is to represent the target through the use of a sufficient number of 
sub-models for achieving the explanatory goals, while avoiding a proliferation of sub-models 
whose synthesis lies beyond the reasoning capacities of the modeler. 
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 For example, in the 3D model of the lamprey trunk, each myoseptum and axial organ is 
represented by a sub-model, which can be visualized separately. Sub-models of the individual 
myosepta enable the visualization of their complex curvature from multiple perspectives. These 
enable an explanation about the myoseptal topography. By integrating them with the sub-models 
of the axial organs, the curvature of the myosepta relative to one another and to the axial organs 
can be visualized. Integrating the models together enables the further explanation of the trunk 
architecture.  
 
 Specificity versus Generality 
 
The last substantial trade-off in modeling involves a choice between specificity and generality. 
Morphologists are often interested in describing a structure or function that is shared by all 
members of a species or higher taxon. However, models are usually based on just a handful of 
examples that may differ to varying extents owing to their intrinsic biological variation. As a 
result, the legitimacy of transferring what is learned from models that are based on a few 
individuals to making generalized inferences about whole populations is dependent upon the 
fidelity of the model representations to the intrinsic variation of their targets. There are two 
possible strategies for avoiding this conflict: either the variation can be averaged or 
contextualized. By averaging the variation, the differences among the targets are idealized until 
they are non-existent. The model, therefore, will represent a fictitious target formed from the 
mean calculated across a set of real targets. Although this strategy makes statistical sense, its 
implementation can result in biologically bizarre outcomes involving interpretations and 
descriptions about averaged structures and functions cobbled together into statistically averaged 
Frankensteinian organisms. As an alternative, contextualizing the variation involves modeling 
actual targets within the parameters of their intrinsic differences. Therefore, the resulting 
interpretations and descriptions are made relative to the characteristics of the modeled systems, 
and by comparing the model representations of multiple individuals, biologically sound 
principles can be derived that can be applied to more general groupings.     
 By building a 3D model based on a single lamprey trunk, the in situ relationships among 
the connective tissue structures are biologically realistic because their organization directly 
reflects that of a functioning organism. Yet, the interrelationships among the modeled structures 
reflect a more general organization of the trunk morphology in Sea Lampreys. Therefore, 
inferences about the overall arrangement of the trunk are applicable to all individuals within the 
species.   
 
 Modeling in Morphology 
 
Morphology, broadly speaking, is about the study of organisms, and its sub-disciplines include 
clinical, functional, developmental, comparative, ecological, and evolutionary morphology. 
Morphology is an example of a part-whole science (cf. Winther 2006, 2011) wherein 
morphologists are concerned with investigating the composition of organismal parts, how those 
parts are interrelated, how they contribute to the functioning of the organism, and how they have 
evolved (Bock 1989; Wake 2008). Therefore, a central theme of morphology is that organisms 
can be analyzed into their parts, such as individual structures (e.g., cells, tissues, or organs) and 
processes (e.g., metabolism, muscle contraction, or blood circulation). However, the 
individuation of parts and the identification of their relationships rely on the theoretical 
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framework and explanatory goals of the morphologist (see, e.g., Rudwick 1964; Moss 1968; 
Dullemeijer 1974; Bock 1989; Lauder 1995; McShea and Venit 2001).  
Morphology is also a model-based science (Godfrey-Smith 2006) because it uses models 
to help achieve the explanatory goals of the morphologist. Models allow for the investigation of 
the composition of parts, for the establishment of inter-part connectivity and their roles within 
biological mechanisms, and for the comparison of part variation across organismal taxa and 
historical time (Homberger 1988).  
Although there are debates about which particular approaches are best (e.g., Dullemeijer 
1968; Wake 1982; Bock 1989), morphologists are united in facing a common set of investigative 
challenges: (1) How are organisms constructed?; (2) What does a particular construction causally 
entail?; (3) How does a part function within the organismic whole?; and (4) What is the adaptive 
value of a part for the evolution of the organism? These common challenges are met by the use 
of one or the other of at least five kinds of models: (1) structural models; (2) causal-profile 
models; (3) causal-role models; (4) adaptational model; and (5) analogical models. Only the first 
two are relevant to modeling the Sea Lamprey trunk and are described here.  
 
 Structural Models 
 
Structural models are based on constitutive properties of organismal parts and describe the 
material composition or shape of a structure, such as the curvature of Sea Lamprey myoseptum. 
Constitutive properties are characteristics of a part of an organism and include dimensional 
properties, such as length or volume. For example, the 3D structural model of the Sea Lamprey 
trunk (Fig. 4.2) includes the visualization of the orientation and spatial relationships among the 
myosepta, but omits their physiological or biomechanical properties. Although structural models 
do not include causal properties, they serve as a basis for making causal inferences. For example, 
the 3D model of the Sea Lamprey trunk allows inferences about the direction of force 
transmission by the muscles if they pulled on the myosepta. 
Organismal parts are hierarchically organized into lower level parts (McShea and Venit 
2001). For example, the composite structural model of the Sea Lamprey trunk consists of lower 
level sub-models of each connective tissue structure, such as the fat column and the notochord 
(Fig. 4.2). At the same time, the composite model (e.g., the trunk) can itself be a sub-model 
within a higher-level composite model of the entire Sea Lamprey body. Since this organizational 
hierarchy extends vertically (e.g., a model of a myoseptum to a model of the trunk to a model of 
the body) and horizontally (e.g., sub-models of each connective tissue structure within the model 
of the trunk), the sub-models that are selected to be included within the structural model will 
depend on their relevance for addressing the explanatory goals of the morphologist.  
Structural models are a source of interpretative descriptions that are primarily expressed 
in narrative form that includes descriptions of the relationships among the sub-models and 
between the structural model and the organism itself. Images and illustrations supplementing 
models are used to provide a visual representation of different perspectives (e.g., dorsal view 
versus ventral view), to depict sub-models in isolation (e.g., an image of a single myoseptum), or 
to depict sub-models overlaid on top of one another (e.g., an image of several myosepta on the 
left side of the body). A single structural model or any of its sub-models can also be expressed 
through various media. For example, a model can be expressed as a figure and as a diagram, or 
from different perspectives of the same structure, such as dorsal and ventral views.  
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There are two special cases of structural models: State-series structural models and 
generalizable structural models. Structural models can represent the same part (e.g., a model of 
the Sea Lamprey trunk) at different stages of an action (e.g., see Chapter 6 for a model of the Sea 
Lamprey trunk when straight or bent). Structural models that represent states in an ordered series 
can be analyzed and compared to one another to infer the dynamics of the organismal part, even 
though state-series structural models are static models.  
Generalizable structural models represent structures that are shared by several parts 
within an organism or occur in similar parts in different taxa. For example, a generalizable 
structural model about myosepta is a higher-level model than a more specific structural model of 
the third myoseptum on the left side, for example. Although hierarchically related, generalizable 
structural models rely on the interpretations of specific models, and vice versa. 
 
 Causal Profile Models 
 
Causal profile models describe the causal properties of organismal parts, such as the physical and 
physiological attributes. Causal properties include, for example, force vectors, charge 
distributions, metabolic rates, pliancy, etc. Free body force diagrams and length-tension curves 
are paradigmatic examples of causal profile models of biological materials. Other examples are 
biomechanical, developmental and physiological models.  
Causal profile models depict the causally relevant properties of an organismal part and 
may be used as a basis for deriving inferences about how the part participates within a given 
behavior. For example, a causal profile model of the gastrocnemius muscle can be used to make 
inferences about its role in human walking.  
Causal profile models that represent qualitatively simple dynamic relationships among 
structural parts are often expressed as diagrams or charts (e.g., Gans 1974) or as physical models 
that can be manipulated (e.g., Harris 1936), whereas those that represent highly complex 
quantitative relationships are expressed in abstract mathematical equations (Alexander 2003). A 
particular causal profile model can also be expressed in multiple media, such as in free body-
force diagram analyses, where the same biomechanical model can be expressed as a diagram or a 
set of equations (e.g., Dempster 1961; Hibbeler 2013; Osborn and Homberger 2015). 
 
The identification of these model types specifies the conceptual boundaries that separate each 
model from one another, even though morphologists rarely engage individual models in 
isolation. The models deployed within a morphological study are interrelated by a complex web 
of descriptive, interpretative, and causal connections that is cognitively navigated by the 
morphologist. The imaginative power of the morphologist allows for the simultaneous grappling 
of multiple model types at multiple levels, which provides a sense of conceptual unification that 
may lead to the impression that only a single model is under construction or study. For example, 
a morphologist may begin work at the causal-role model without giving deliberate attention to 
the make-up of the structural sub-models, even though a particular structural composition may 
have been unconsciously assumed. Therefore, it is important to note that the methodological 
explication described above and in what follows does not necessarily match deliberate decision 
points in practice. However, by clarifying the modeling methodologies employed by 
morphologists, potential pitfalls and problematic assumptions that may underlie much of 
modeling practice can be brought to light. 
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 Testing Morphological Models 
 
 Testing the Plausibility of Models 
 
Judgments play an important role in developing, directing, and evaluating research projects 
(Boyd 1985; Brown 2000), and morphologists frequently make theoretical and methodological 
judgments about the viability or plausibility of a technique or model. Good judgments rely on the 
cognitive skills of the modeler and depend on expertise, the mastery of background theories, 
principles, and knowledge, as well as on the ability to think creatively and innovatively (Leonelli 
2009). Therefore, the skill to make good theoretical judgments must be practiced and honed 
through education and experience. 
The ability to discern good models from bad models depends fundamentally on having a 
mastery of disciplinary content: Good models are judged to comport with the currently accepted 
theoretical knowledge of a discipline, which involves comparing the model against the relevant 
background knowledge, theories, and principles of the discipline. Disciplinary content is 
summarized in standard texts of the day, which provide a conceptual framework for identifying 
the boundaries of plausibility by outlining the “dogmas” of the discipline, which constrain the 
modeling possibilities within what practitioners would deem acceptable (Kuhn 1963). This is 
supplemented by graduate training and the experiential knowledge that is gained from the 
repeated practice of identifying and solving standard research problems under the guidance of a 
veteran practitioner. Mastering the content of a discipline is an important first step for modeling 
within that discipline and plays a significant role in maximizing the reliability of the judgments 
that are involved in the modeling process. 
The other component required for making good judgments is the ability to think 
creatively and innovatively. Determining which methodologies are best for a research project 
may require more than merely knowing that the research question is consistent with the currently 
accepted disciplinary content. Many alternate approaches may be equally acceptable in practice, 
but not all methods will be able to satisfactorily achieve the explanatory goals. Instead, what is 
required is the ability to seek creative solutions that may not be readily apparent and to develop 
innovative approaches that incorporate new technologies in new ways. Creative thinking and 
innovation enables the expansion of disciplinary practices beyond the current limits of their 
applicability. When this expansion grows out of the informed context of the currently accepted 
disciplinary content, the new ideas that result will remain within the realm of plausibility, which 
will mitigate the potential for making careless inferential mistakes (e.g., Foster et al. 2015). 
Theoretical and methodological judgments represent the first line of tests for any 
proposed research methodology, theory, approach, or model. If a proposed project is judged to be 
incompatible with the currently accepted disciplinary content or is seen as being too impractical 
to implement, then the proposal will be considered implausible and, therefore, unworthy of 
pursuit. There is, however, an important caveat that must be considered when making judgments 
of plausibility, which is that the methodological efficacy of judgment is directly dependent upon 
the collective ability of the scientific community to assess the proposed research project against 
both what is currently known and what is potentially possible (Boyd 1985). “Rival [proposals] 
that would be theoretically plausible if we were only able to invent them and to understand them 
well enough to assess their theoretical plausibility play no methodological role unless we 
actually possess and display the relevant imaginative and cognitive capacities” to do so (Boyd 
1985, p. 91). In order words, the best theoretical judgments bring the entire force of current 
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science to bear on the assessment of a research project. This is especially pertinent in the current 
climate of interdisciplinary research where mastery of a wide range of relevant content across 
multiple disciplines is required to make sound judgments about research projects that integrate 
content across a wide range of disciplines (Anderson 2013). 
Modeling involves numerous judgments, but there are three areas where they are of 
primary importance: (i) Judgments about the source of the empirical data to be modeled; (ii) 
judgments about the choice of relevant theories and principles that are used in building the 
model; and (iii) judgments about the structure of the model itself.  
Judgments about the source of the empirical data to be modeled are made in comparison 
to the appropriateness of the data collection source for achieving the explanatory goals of the 
research project. Explanatory goals are largely characterized by the sub-disciplines in which 
modeling takes place, which are exemplified in morphology by the sub-disciplines of 
biomechanics, physiology, or anatomy. Each sub-discipline adheres to disciplinary norms for 
choosing the most appropriate data collection modalities, such as electromyography and force 
transduction measurements for physiological approaches and 3D imaging and dissection for 
anatomical approaches. Since empirical data about a target are the raw materials for the 
interpretations and descriptions that are produced by the model, making the most appropriate 
choice about the source of empirical data will maximize the adequacy of a model to account for 
its target.  
Plausibility judgments about the source of empirical data guide the determination of the 
non-experimental criteria that are involved in the collection of data, which include choices about 
the kinds of instrumentation that will be used, the data acquisition parameters, and the degree of 
detail that should be achieved in the resulting datasets (Boyd 1985). Plausible alternative criteria 
for data collection must be ruled out on the basis of sound judgments that reflect the knowledge 
about the target and the data collection experience of the modeler. Eliminating plausible 
alternative criteria is especially important if 3D imaging is chosen as the data source. Although 
3D imaging techniques are widely available to morphologists today, making the choice to collect 
3D imaging data must reflect sound reasoning that justifies its use over conventional alternatives. 
Imaging should not be chosen merely because it is popular or seen as technologically “cutting 
edge.” Furthermore, the acquisition of 3D imaging data is not a straightforward process (e.g., 
Wood et al. 2018) and involves decisions about multiple parameters that must be determined 
based on the scanning experience and knowledge of the modeler.  
Judgments about the choice of relevant background knowledge, theories, and principles, 
which represent the theoretical tools of the modeler, that are used in building the model are 
equally important to judgments about the source of empirical data. The suite of theoretical tools 
available to modelers is acquired from standard textbooks of the discipline (e.g., Liem et al. 
2001; Kardong 2009), journal articles, training, and experience. However, the modeler will 
employ only a subset of the available theoretical tools, which will largely reflect the chosen 
modeling approach. For example, a biomechanical approach will involve a different subset of 
theoretical tools (e.g., Wainwright et al. 1976; Vogel 2013) than would be employed in a 
developmental approach (e.g., West-Eberhard 2003; Barresi and Gilbert 2016), although some 
overlap may occur, especially when the approach is integrative (e.g., LeVeau and Bernhardt 
1984). When models require the incorporation of theories and principles that are not directly 
within the purview of the discipline of morphology, such as in the case of 3D imaging, which 
also involves physics and computer science, the morphologist may not have direct expertise in 
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those areas. Nevertheless, they must be able to identify the appropriate application of extra-
disciplinary theoretical tools for achieving their explanatory goals. 
Judgments about the structure of the model rely on the outcome of the judgments in the 
other two areas described above. Model building involves the utilization of the relevant 
theoretical tools for interpreting a given set of empirical data. The exact process of model 
building is difficult to define because the structure of a model, which includes the conceptual 
linkages between theory and data, the relations among the sub-models, and the choice of model 
expression, are completely within the purview of the judgments and decisions of the modeler. 
That is, judgments are central to the construction of the model and to the production of the model 
representation. Judgment is required to pick out the data from a dataset that corresponds to the 
target, to ensure coherence among the sub-models, and to gauge the appropriateness of the model 
components in relation to the explanatory goals. 
A model that is judged to be theoretically and methodologically plausible is a model that 
(at the very least) is based on the appropriate empirical data, that incorporates the relevant 
theories and principles, and that has conceptually consistent components and sub-models for 
addressing the explanatory goals of the modeler. Theoretical judgments are imprecise and 
depend on the cognitive abilities of the modeler as well as the morphological community. A 
modeler may be unsatisfied with a model and may decide to revise and adjust it, or a modeler 
that may be satisfied with a model may nevertheless encounter resistance from the 
morphological community that judges otherwise and rejects the model. As a result, theoretical 
judgments are susceptible to cultural and social influences and, therefore, are largely responsible 
for defining current research paradigms that promote some approaches, while discouraging 
others (Kuhn 1996).  
   
 Testing the Modeling Methods   
 
Tests enable modelers to assess the adequacy of a model and to determine whether it will be able 
to meet the explanatory goals of the research project. Methodological tests determine whether a 
model provides an adequate representation of its target. Weisberg (2013) has identified five tests 
that modelers use when building a model: (i) completeness; (ii) simplicity; (iii) core causality; 
(iv) precision and accuracy; and (v) generality. The core causality test is not discussed since it 
does not apply to the 3D model of the Sea Lamprey trunk 
 
 Completeness Test 
 
In applying the completeness test, modelers strive to include within the model all relevant 
aspects of the target and do so to the highest degree of detail and fidelity they can achieve. A 
complete model depicts all and only the relevant aspects of the target in enough detail to answer 
the original question. For example, in the 3D model of the Sea Lamprey trunk, the original 
question about the 3D curvature of the myosepta required the reconstruction of a complete 
myoseptum from dorsal to ventral that accurately (i.e., “realistically”) represented the curvature 
of the actual myosepta. This required the use of multiple MRI modalities to accurately 
reconstruct and visualize the curvature of the myosepta (see Chapter 3).  
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 Simplicity Test 
 
In applying the simplicity test, modelers strive to include within the model only the relevant 
aspects of the target and to leave out all aspects that are irrelevant to answering the original 
question. This test determines whether abstraction and idealization were appropriately employed 
in building the model. For example, in the 3D model of the Sea Lamprey trunk, the original 
question pertained to the shape of the myosepta. In order for the model to address the question, 
other aspects, such as the musculature, had to be left out. Furthermore, the myosepta were 
reconstructed through their identification within the MRI datasets and were segmented by 
selecting the voxels that fell within their signal range. Enough voxels were selected to produce a 
smooth reconstructed surface without interfering with the accuracy of the myoseptal curvature.   
 
 Precision/Accuracy test 
 
In pursuing the maximum precision/accuracy ideal, the modeler should strive to build a model 
that represents the aspects of the target as precisely and as accurately as is necessary to answer 
the original question. Increasing the precision of a model involves reducing the amount of 
idealization and increasing the level of detail, especially when numerical parameters are 
concerned (e.g., McMullin 1985). De-idealization usually results in models with more predictive 
power. On the other hand, precisification may undermine the comprehensibility of the model by 
masking the important features within an unnecessary degree of detail. Furthermore, a highly 
precise model is not necessarily highly accurate. Increasing the accuracy of a model involves 
refining the fidelity of the representation in comparison with the target. This does not always 
require the addition of more aspects to the representation, but rather involves increasing the 
resemblance of the modeled aspects to their counterparts within the actual target.  
For example, in the 3D model of the Sea Lamprey trunk, the original question about the 
curvature of the myosepta required a reconstruction that was precise enough to reflect their 
gradual curves and twists, while accurately mapping those conformational changes onto the 
actual structure. By acquiring 2D and 3D MRI datasets in different reference planes (see Chapter 
3), the myosepta were accurately identified and segmented before being precisely modeled. 2D 
MRI datasets enabled accurate identification and segmentation of the myosepta, but their 
representations of the myoseptal curvatures were imprecise (see Chapter 3, Figs. 3.9; 3.10). 
Instead, they served as a template to guide an accurate segmentation of the myosepta from the 
3D MRI datasets, in which the myosepta were imprecisely identifiable, to generate an accurate 
representation of their curvature (see Chapter 3, Fig. 3.12).   
 
 Generality Test 
 
In pursing the generality ideal, the modeler should strive to build a model that is applicable to a 
wide range of potential targets, which may vary in some degree from the actual target of 
modeling. This ideal is especially important in morphology, wherein models are often based on 
just a handful of individuals, yet the interpretative descriptions that they produce are applied to a 
much larger group of potential targets, such as all the members of a species. The fruitfulness of a 
model depends on the range of its applicability, so maximizing the generality of a model serves 
to maximize its explanatory coverage.  
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For example, the 3D model of the Sea Lamprey trunk, is based on MRI scans of a single 
individual, but the reconstructions of the myoseptal curvature are generalizable to the species as 
a whole. The exact degree of curvature (i.e., down to the tenth degree) is specific to the 
individual used as the model target, but the general configuration of the myosepta reflect their 
condition in all individuals within that species.  
 
 Testing the Model by Predictions  
 
One of the primary functions of a model is the production of testable hypotheses about its target. 
The interpretative descriptions and representations of models are declarations about the 
properties and conditions of a target and, thereby, provide predictions about the target. These 
predictions can be tested by comparing the model against the actual state of the target. The most 
straightforward way to test the predictions of a model is to compare them with the expectations 
of the modeler, which arise from the background knowledge, principles, and theories, and with 
the direct observational data available to the modeler. When model predictions are incongruent 
with modeler expectations, the model may point to erroneous assumptions by the modeler, which 
can be revised usually by a reanalysis of the background knowledge, principles, or theories 
underlying the model.  
Models can also be tested by varying their parameters and assessing the resultant effects on 
their predictions (e.g., Bright 2014). If the conceptual linkages within the model, which were 
established during the building process, are sound, then they will provide the expected 
predictions as the parameters of the model are tuned to varying degrees. Unexpected outputs may 
indicate that something biologically interesting is occurring, but they usually indicate flaws in 
the conceptual linkages within the model.  
For example, if a reconstruction of one myoseptum in the Sea Lamprey trunk is minimally 
curved, then either it has a unique morphology in comparison to the other myosepta or, more 
likely, an error was made in its reconstruction. To ensure that the 3D model of the myosepta 
accurately reflected the anatomy, replications were performed with other, less experienced 
modelers (Doré et al. 2019).  
Reliable models are those that produce expected as well as dependable predictions under a 
wide range of parameters. If model predictions are overly sensitive to parameter variations, then 
the conceptual linkages within the model may either be inadequately established or too narrow in 
their scope of application. Models should be able to address the range of application that is 
desired by the modeler without having to sacrifice its predictive power.  
 
 Modeling in Morphology before 3D Imaging 
 
Prior to the development of 3D imaging, models in morphology were based on empirical data 
gathered either by using the five senses, photography, videography, or 2D radiography. These 
models were expressed in a narrative form that was supplemented with visualizations, which 
play an important role in understanding, explanation, and communication (Möβner 2015; 
Bolinska 2016). In morphology prior to the development of 3D imaging, visualizations took the 
form of 2D images (e.g., illustrations, diagrams, charts, graphs, etc.) or 3D objects (e.g., wax or 
wooden models).  
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 2D Models 
 
2D images make important contributions to achieving the explanatory goals of morphological 
studies, because they allow the visual representation of the interpretative descriptions produced 
by models that are otherwise expressed only in narrative form (e.g., Griesemer 1990; Perini 
2005, 2013; Downes 2012). Although planar and static, 2D images can provide important 
visualizations of dynamic causal processes (Sheredos et al. 2013; Scholl 2016), such as the 
movements of bat jaws (Gans 1974) or the mechanics of two joint muscles (Bock 1966). 
However, there are limitations to 2D images. Organisms are three dimensional, so any 2D 
representation of a model will require the imaginative powers of a morphologist for 3D 
comprehension. For example, a narrative description of a structure of its topographical 
characteristics and relationships in three-dimensional space that is supplemented by illustrations 
of the structure as viewed from orthogonal planes still requires the imagination in order to 
interpolate the views along the intermediate planes that lie between. But imaginations can run 
wild, and even the most trained and disciplined morphologist will be forced to take some creative 
liberty in the formation of the mental image. 2D images, such as illustrations, that are depicted in 
perspective can help constrain the need for imagination, but their depictions are nonetheless 
limited to single, static views. In the absence of a series of 2D perspective images covering the 
range of possible views, even 2D perspective views require imagination to fill in the perspectival 
gaps. 
 
 3D Objects 
 
3D objects avoid the shortcomings of the planarity characteristic of 2D images by enabling 
visualization from any direction or angle. In addition, 3D objects are tangible and can be 
manipulated, which provides an additional avenue for learning above and beyond mere 
visualization (Griesemer 2004; Asif et al. 2013). If built by skilled practitioners, 3D objects can 
become almost synonymous with the models that they represent, as exemplified by the 
exquisitely detailed historical morphological models that were built from wax (Ballestriero 
2010), plaster (Cornwall and Smith 2014), and glass (Reiling 1998). Yet, 3D objects also have 
limitations. High fidelity depictions are expensive to build and require an immense amount of 
time and expertise. Although they make great displays in museums, they are not practical options 
for most working morphologists. Low-fidelity models are useful, especially in education, but 
their utility in research is limited by their low representational accuracy. Furthermore, 3D objects 
often depict surfaces that conceal the morphology within. Deconstructable 3D models are 
available, but they face the same problem as encountered in the deconstruction of organisms 
themselves, which is that they prevent the visualization of different parts simultaneously in 3D as 
well as in situ. Another limitation of 3D objects is that they are often static, and when dynamic, 
their movements are unrealistically produced by apparatuses of engineering mechanics, such as 
springs and pulleys. 
 
 The Rise of 3D Imaging 
 
Morphologists have used computer technology in their investigations since the 1960s (e.g., 
Eberhard 1969), but the developments of 3D imaging techniques across various modes of 
acquisition have revolutionized morphological modeling (Laforsch et al. 2012). Imaging 
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techniques based on x-ray computed tomography (CT), magnetic resonance imaging (MRI), 
laser scanning, and ultrasound provided new sources of data and new appreciation for the 
methodological potential of 3D imaging. The historical development of each of these methods 
and their relevance to morphological research is briefly reviewed below. 
 
 Computed Tomographic Imaging 
 
Tomographic imaging techniques were initially developed in the 1930s and 40s to enable the 
visualization of soft tissue pathologies within the chest cavity that would otherwise be obstructed 
by the rib cage in traditional radiographs (Filler 2010). The first computed tomographic images 
were taken in 1971, and commercial CT scanners became available to the clinical and research 
community shortly thereafter (Hounsfield 1973; Filler 2010). Although most early use of CT was 
by clinicians in hospital settings (Ledley et al. 1974; Knaus et al. 1977), paleoanthropologists 
experimented with non-clinical applications by using it to investigate the density of bone (e.g., 
Jungers and Minns 1979). Nevertheless, three-dimensional analyses had to await the further 
improvements in computational software that were needed for reconstructing stacks of slices in 
3D.  
Once adequate reconstruction software was developed by the early 1980s (e.g., Johnson 
and Capowski 1983), it was immediately applied in morphological research, both as a way to 
improve upon traditional techniques, such as the digital 3D reconstruction of histological slices 
(Wong et al., 1983), and to expand visualization capabilities of normally inaccessible specimens, 
such as rock-embedded fossils (Conroy and Vannier 1984). Paleontologists and physical 
anthropologists were the first to use 3D reconstructions of skeletal elements based on CT 
imaging for measurement and visualization (Conroy et al. 1990; Hildebolt et al. 1990; Kalvin et 
al. 1992). Throughout the 1990s, CT imaging was more widely used in basic and clinical 
research (e.g., Damasio et al. 1994; Rowe 1996; Rowe et al. 1999) and continued improvements 
in computational software (e.g., Guo et al. 1995) enabled the expansion of its applicability. By 
the end of the decade, CT had become a staple tool in morphological research (Stokstad 2000), 
and further developments in computational capabilities allowed for the integration of 3D models 
based on CT with 2D x-ray video imaging (Jenkins et al. 1988; Goslow et al. 1989) to produce 
3D dynamic models of the actual movements of skeletal elements during natural behaviors 
(Gatesy and Alenghat 1999).  
The first decade of the 21st century saw dramatic improvements in CT imaging 
capabilities on two main fronts: 4D X-ray techniques and soft-tissue contrast staining 
procedures. Workers at Brown University developed an instrumental setup and image acquisition 
methodology that allowed for the 3D visualization of skeletal structures during natural 
movements (Brainerd et al. 2010; Gatesy et al. 2010). This approach has greatly improved the 
precision and accuracy of modeling based on X-ray videography and has demonstrated the 
applicability of 4D imaging for observing the behaviors of both aquatic and terrestrial organisms 
(Camp et al. 2017).  
Although it has long been known that certain radiopaque metal compounds are able to 
selectively bind to soft tissues (Bock and Shear 1972), the development of techniques for the 
application of these stains in CT imaging has occurred only recently (Metscher 2009). These 
methods have enabled the non-destructive and in situ visualization of soft-tissue structures, such 
as muscle fibers (Jeffery et al. 2011), as well as for more accurate anatomical measurements, 
descriptions, and comparisons (Holliday and Witmer 2007; Faulwetter et al. 2013; Iurino et al. 
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2013; Dickinson et al. 2018). Rapid developments in staining techniques and scanning protocols 
have expanded the usability of CT scanning for an increasingly diverse range of applications and 
has become a standard technique in morphological research (Cunningham et al. 2014; Gignac et 
al. 2016).  
X-ray based computer tomography (bremsstrahlung and synchrotron) generates data 
about the internal structures of organisms based on their ability to attenuate x-ray photons, which 
is largely a measure of the material density of tissues. Tissues that have a similar density will 
appear similar and contrast will be too low for distinguishing them from one another. By staining 
soft-tissues with metal compounds, their density can be changed, which will provide increased 
contrast. However, even stained specimens will contain some tissues that have a similar contrast 
and are, therefore, indistinguishable, such as is the case with dentine and enamel in fossilized 
teeth. 
 
 Magnetic Resonance Imaging 
 
Magnetic resonance imaging has been used in clinical research since the early 1970s (e.g., 
Damadian 1971; Damadian et al. 1973), but overcoming challenges in both image acquisition 
and reconstruction delayed its large scale application (Damadian et al. 1978). By the end of the 
1980s, 3D reconstructions of soft tissues based on MRI datasets were possible (e.g., Cline et al. 
1987; Bomans et al. 1990), and by the mid-1990s, improvements in image processing software 
enabled the production of increasingly detailed models of soft tissue structures (e.g., Mangin et 
al. 1995). MRI was primarily used in clinical application for much of its history, but by the year 
2000, non-human, non-clinical research based on MRI data began to appear (e.g., Marino et al. 
2002; Ridgway et al. 2002). MRI is a promising technique for the 3D visualization of soft-tissue 
structures that are otherwise invisible in CT or distorted and destroyed by traditional approaches, 
such as histology and dissection (Wood et al. 2018), as well as for investigating the 
biomechanics of systems otherwise unobservable, such as the movements of fetuses (Verbruggen 
et al. 2016). Due to its high cost and relative inaccessibility, the use of MRI is not as widespread 
as CT, but efforts have been made to popularize its use and to demonstrate its capabilities (e.g., 
Ziegler et al. 2011; The Digital Fish Library, http://www.digitalfishlibrary.org). 
MRI is a powerful imaging modality for the visualization of soft-tissues, because data 
acquisition is based on the hydrogen content of the tissues. However, reconstructing MRI data in 
3D is methodologically challenging. The acquisition of MRI images requires a trade-off between 
slice contrast and slice thickness, so that the 3D reconstruction will comprise either many thin 
slices at low contrast or a few thick slices at high contrast. When structures are oriented parallel 
to the slice plane, they will be included within the slice thickness, which reduces their visibility. 
Therefore, multiple MRI scans that are oriented in different planes are often required to capture 
the full extent of thin and curvy structures. 
 
 Ultrasound Imaging 
 
3D ultrasound imaging became available to morphologists relatively recently, and its use is 
restricted almost entirely to the clinical setting (Nelson and Elvins 1993; Fenster and Downey 
1996). Although ultrasound imaging allows for the visualization of soft-tissues, imaging with 
this modality is restricted to a localized volume so that the generation of a single dataset based 
on whole body scanning is not possible. Nevertheless, 3D ultrasound has shown promising 
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potential in the real-time 3D imaging of state changes in soft tissues, and it has led to important 
clinical applications in surgery (Unsgaard et al. 2006), cardiology (Yagel et al. 2007), and 
routine clinical exams (Natarajan et al. 2011). 
 
 3D Laser Scanning 
 
3D laser scanning became available in the early 1990s (Besl and McKay 1992), but like other 
imaging modalities, its widespread use had to await the necessary developments in software and 
computational power (e.g., Rusinkiewicz et al. 2002). Since laser scanning is restricted to the 
imaging of exterior surfaces that can reflect a laser beam, the primary users of this imaging 
modality have been paleontologists (e.g., Lyons et al. 2000). 3D laser scans enable more precise 
and accurate measurements of surface features, as well as for the reconstruction of the body 
surfaces and properties of extinct taxa (e.g., Gunga et al. 2007; Bates et al. 2009; Stoinski et al. 
2011). However, 3D laser scanning has also demonstrated promising possibilities in 
reconstructing serial histological sections, where individual slides are scanned and then 
combined into a three-dimensional whole (Farahani et al. 2017). Although laser scanning enables 
the modeling of surfaces, the limited penetration depth of the laser precludes the use of this 
modality for modeling internal structures.  
 
 Neutron Tomographic Imaging 
 
Neutron tomographic imaging is a popular modality for fossilized specimens that require contrast 
between fossilized tissues that may be of similar density, but different mineral composition 
(Sutton et al. 2014; Laaβ et al. 2017). Neutron tomography is complementary to x-ray CT, but 
rather than discriminating tissue types based on density, neutrons can penetrate dense material 
and be scattered by light elements, such as hydrogen and lithium (Vlassenbroeck et al. 2007). 
This makes neutron imaging a modality of choice for imaging fossilized remains that are incased 
in high density ferrous rock (Sutton et al. 2014). In addition, the ability of neutrons to interact 
with individual atoms allows for the determination of the chemical composition of a fossil (Mays 
et al. 2017). Although neutron imaging is able to provide contrast of fossilized materials that 
cannot be acquired with x-ray CT, its use is likely to be limited to cases where x-ray CT will not 
work.  
 
 Modeling in Morphology Based on 3D Imaging 
 
3D imaging techniques have revolutionized modeling in morphology by redefining observation 
in two significant ways: 3D imaging has increased the objectivity of data acquisition, and it has 
expanded the possibilities for widening the scope and increasing the depth of content for 
individual datasets. Observational data is traditionally acquired by the senses or through 
instrumentation, such as photography or x-ray. The interpretation of these data types, however, 
require morphologists to exercise a tremendous amount of imaginative power in order to picture 
the data content in three-dimensions, which increases the subjectivity involved in the model 
building process. As a result, the modeling replicability is undermined and the robustness and 
reliability of the model interpretations and representations suffers. 3D imaging techniques help to 
avoid these shortcomings by providing a more direct conversion of the real organism into 
observational data about its parts that does not rely so extensively on the imaginative 
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interpretation of the morphologist. Although the morphologist must decide on the 
parameterization for acquisition of the imaging data, the standardization and quantification that 
characterizes acquisition techniques has greatly improved the repeatability and reliability of data 
quality. 3D imaging has, therefore, allowed many different observers to work on the same 
communal datasets that are acquired from the same target. 
The second way that 3D imaging has redefined observation for morphologists is by 
expanding the possible scope and depth of individual datasets. Prior to 3D imaging techniques, it 
was almost practically impossible to observe organisms and their parts in situ. Instead, organisms 
had to be deconstructed by using dissection or histology and then reassembled into structural 
models. This required morphologists to determine the spatial relationships among the parts in 
order to reassemble them, but these relationships could only be inferred as a consequence of the 
deconstructive process. As a result, the ability to reliably reconstruct organisms in 3D via 
modeling requires extensive imaginative power, which, unfortunately, increases the amount of 
subjectivity involved. As a consequence, the accuracy of the model representations and, 
subsequently, the reliability of the three-dimensional visualizations is undermined. 3D imaging 
techniques avoid these shortcomings by converting organisms into 3D datasets that preserve the 
spatial information about the relations among their parts. Therefore, the visualization of 
organisms within a calibrated three-dimensional space is possible without having to rely on the 
imagination of morphologists. Hence, the objectivity of 3D datasets is much greater and allows 
for the same spatial relations to be simultaneously visualized by multiple morphologists.  
The third, and perhaps the most important, way that 3D imaging has revolutionized modeling 
in morphology is by enabling the expansion of morphological investigations beyond generalized 
types to studies of individuals and their biological variation. Traditional morphological studies 
about organisms applied across entire populations, so that models were about the bill of the 
Common Crow (Bock 1966) or the tongue of the plethodontid salamanders (Lombard and Wake 
1976). Although these models incorporated observational data from individuals, their 
representations generalized typologically across entire populations or species. These studies were 
unable to accommodate the correct insights of the holistic morphologists (e.g., Dullemeijer 1968; 
1974) that the parts of organisms are inseparable from their whole and that they must studied 
within the context of their development, action, and evolution. 3D imaging provides a 
methodology for collecting datasets about the entire organism, which can then be used as a three-
dimensional framework for investigations on that specific individual. The relative ease of 
acquiring and sharing 3D imaging data (e.g., Davies et al. 2017) allows for multiple individuals 
within a population to be individually studied to assess the extent of individual variation in 
organismal parts and its significance. The ability to perform individual-based studies has also 
proved to be medically useful by enabling patient-specific modeling, which increases diagnostic 
accuracy and better informs the choice of treatment regimens (e.g., Krishnamurthy et al. 2013).       
 
 The Function of 3D Models 
 
The recent availability of 3D data from CT scanning and MRI have affected research in 
functional morphology in unprecedented ways by enabling the construction of realistic 
(“realitätsgetreue”) 3D models that can serve as foundations for functional analyses and 
animations and that contribute to the ability of morphologists to describe, conceptualize, 
understand, explain, and communicate the inherent complexity of organisms (Fig. 4.1). 
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 Understanding through 3D Models 
 
Modeling is a go-to methodology for morphologists because models have repeatedly proven their 
usefulness in helping morphologists to grasp the complexities of organisms (Leonelli 2009). The 
ultimate desire of every modeler is to understand the target of their models. Understanding is a 
psychological achievement that is characterized by “a kind of confidence…of intellectual 
satisfaction that a question has been adequately answered” (Trout 2007, p. 571). This feeling is 
often described as having an “aha” moment. Yet, having a feeling of understanding does not 
guarantee that what is understood is actually correct. Overconfidence and hindsight biases are 
well-documented psychological influences that often lead scientists to the false illusion that they 
understand something that they really do not. Merely having an “aha” moment is not sufficient 
for possessing genuine understanding, because it may arise from a deceptive sense of intellectual 
conviction or of ad hoc reasoning (Trout 2007). Rather, genuine understanding requires having 
the cognitive ability to solve problems, to make predictions, and to construct explanations 
(Morrison 2009). Although having “aha” moments should not be mistaken for having an 
understanding, they are nevertheless important by serving to guide and motivate the effort to 
achieve a genuine understanding (Lipton 2009).  
Models help morphologists obtain a genuine understand organisms by because they help with 
the identification of patterns and conceptual linkages that are otherwise unavailable through 
direct observation. Through abstraction and idealization, model representations provide a focal 
analogue of their targets that contains only the salient features of interest, which can be directly 
analyzed without the overwhelming complexities of the actual system. The role of models as 
mediators between their targets and the background knowledge, theories, and principles that are 
used to interpret, describe, and explain them (Morrison 1999, 2009) elicits “aha” moments as the 
underlying structure of complex systems is revealed in increasing clarity through their 
representations. They, therefore, allow for genuine understanding by picking out the essential 
properties of their targets that are needed for prediction and explanation, which would otherwise 
be impossible by relying on direct observation. 
3D models based on 3D imaging data provide genuine understanding in their role as 
mediators, like any other models, but they do so with a much greater power and efficacy. 3D 
models can be manipulated to allow a modeler to dynamically interact with the model, which 
makes possible greater accessibility to the model structure and serves as a fruitful basis for 
insights. The interactive visualization that is possible with 3D modeling intimately connects the 
modeler with the model, so that intuitions and ideas can be directly applied and the results can be 
realized. 3D models allow modelers to get a “feel for the target” by enabling the toggling on or 
off of different views and different sub-models, so that the model can be viewed this way, then 
that way. When 3D models that have satisfactorily passed the model tests described above are 
manipulated in this way, they are able to provide modelers with a genuine understanding of their 
targets that is more realistic and, therefore, more accurate and precise than models based on other 
data sources. They provide modelers with the insights they need to make reliable predictions and 
to build adequate explanations of their targets, and they also serve as a basis for future research 
and ideas.        
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 Explaining with 3D Models 
 
Models make important contributions to the explanations about their targets (e.g., McMullin 
1985; Morrison 1999; Craver 2006; Potochnik 2013; Bokulich 2017), but not all models are 
equally explanatory. In order for a model to explain, three conditions must be met (Bokulich 
2011): First, the content of the explanation must consist primarily of the content of the 
interpretative descriptions and representations produced by the model; second, the conceptual 
linkages within the model should adequately account for the relevant aspects of interest in the 
target to allow for the successful prediction of possible variation within the target; and third, the 
domain of applicability of the model must include the relevant aspects of the target that are to be 
explained. Models that are most likely to meet these explanatory conditions are those that 
satisfactorily pass the tests described above, which is a necessary requirement, although not 
always sufficient.  
 3D models greatly contribute to the explanations of the structures and functions of 
organisms, because they allow morphologists a degree of observational and analytical access that 
is otherwise unobtainable by traditional modeling methods. Organisms are three-dimensional 
phenomena, and their parts are most adequately explained through analysis of realistic models of 
their three-dimensionality. 3D imaging techniques, together with recent technological 
developments in computational software, enable the 3D reconstruction of entire organisms and 
their parts in high resolution and in situ. Structural models of bones and soft-tissues built from 
3D datasets can provide accurate and realistic representations without the destructive and 
distorting effects caused by dissection and histology. Since 3D imaging datasets can contain 
observational data about entire organisms, models of structures that may initially be of peripheral 
interest, can be added and overlaid onto the original models to reflect the natural topographical 
positions and relationships among their targets. Structural models can also serve as a scaffolding 
for modeling complex biomechanical force profiles or dynamic behaviors through the integration 
of quantitative data through the use of sub-models that can be aligned and calibrated within the 
three-dimensional coordinate system of the actual organism. The power of 3D modeling to 
provide morphologists with an interactive virtual system that maps one-to-one onto the actual 
target, that allows sub-models to be toggled on or off as desired, and that enables the 
manipulation of parameters to directly investigate the effects of variation ensures that 3D models 
are able to meet all of the explanatory conditions outlined above.  
 
 Communicating with 3D Models 
 
The primary goals of modeling are the understanding and the explanation of the model target, but 
achieving these goals in a way that maximizes access and participation of the scientific 
community depends on effectively communicating the insights and explanations that models 
provide. In other words, a good model will not only provide an accurate account of its target, but 
it will also serve as an effective conduit for communicating that account to an audience beyond 
just the modelers. But since the intention of modelers is to provide explanations about model 
targets that can be understood and used by their research community, effective communication is 
not only a property of a good model, but it serves to directly influence the model structure 
(Potochnik 2016). If the intention of the modelers is to construct a model that is capable of 
communicating the explanatorily relevant features of a target, then the model will be built so that 
its interpretative descriptions and representations are able to successfully communicate their 
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results. Therefore, the representational content of a model and the choice of underlying 
conceptual linkages will be shaped by the interests of the intended audience. 
3D models based on 3D imaging datasets are excellently equipped for communicating their 
explanatory content owning to two of their unique features: holistic visualization and 
manipulability. 3D models enable the visualization of their targets from all perspectives, through 
multiple levels of organization, and across multiple sub-models without sacrificing context or 
making undue demands on the imagination of the viewer (Newe 2016). They are the explanatory 
content of videos and simulations, which are produced to emphasize the salient features of the 
target and can be readily replayed and shared far and wide. The ability to generate 3D PDFs has 
greatly expanded the communicative possibilities, since models can now be attached and emailed 
across the globe in a matter of seconds so that other users can directly manipulate and interact 
with the model. Concurrent advances in 3D printing enables the transformation of virtual 3D 
structural models into printed physical objects, which allow for tangible interaction and can be 
directly integrated or compared with the actual target.  
 
 Conclusion 
 
Models play a central role in describing, understanding, explaining, and communicating about 
the features of organisms and have become essential tools for interpreting and reconstructing 3D 
imaging data. They are deployed in pursuit of an initial research question, which guides the 
decision-making process involved in model building, and provide a methodological node for 
integrating the principles and concepts from multiple disciplines. 3D models allow the 
visualization of morphology in situ and provide a framework for organizing additional 
morphological observations based on other techniques. They also serve as a basis for further 
investigations and modeling.  
The 3D model of the Sea Lamprey trunk provides a three-dimensional context for 
interpreting the two-dimensional observations based on histology and the observations based on 
microdissection. By representing the 3D curvatures of the myosepta, it enables the reconstruction 
of the direction and orientation of myoseptal fibers as they follow the contours of the myosepta. 
Furthermore, as a structural model of the myosepta and axial organs, it provides a basis for 
modeling the three-dimensional dynamics of the trunk and the morphological kinetics of lamprey 
locomotion.    
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 The Theoretical and Physical Basis for the Interpretation of Sea 
Lamprey Morphology 
 
 From Structure to Function: A Bridge of Biomechanical Principles 
 
Anatomy is the study of organismal structures and, as such, is a foundational sub-discipline of 
organismal biology. Anatomical analyses address questions about the composition and properties 
of structures and how they are spatially and systematically interrelated within the organism as a 
whole. Through the rigorous application of techniques such as microdissection, histology, and 
3D imaging, detailed descriptions about the architecture and form of structures are produced. 
These descriptions provide insight into why a particular structure is built in one way rather than 
another and are a necessary first step in understanding the causal roles that are played by 
structures within organismal functions.  
The process of description involves the piecemeal deconstruction of structures into their 
component parts, which are then analyzed in isolation and without the overwhelming complexity 
of analyzing the organism at once in its entirety. Yet, the analyses of the isolated parts are 
conceptually reconstructed into an explanation of the original structure through the 
conceptualization of organisms as hierarchically organized systems, which enables the 
integration of anatomical analyses into an explanation of the functioning whole (Homberger 
1988; Winther 2006; Wake 2008). As a result, anatomical analyses of dead and static structures 
are made with an eye toward an ultimate explanation of their causal roles within the life of the 
organism.  
The causal roles of structures are inferred on the basis of anatomical analyses through the 
formulation of mechanical models, which are deployed in order to explain organismal functions 
(Nicholson 2012). Mechanical models explain the causal processes that underlie the maintenance 
and functions of organisms and are, therefore, a core method for research within organismal 
biology (Godfrey-Smith 2014). However, mechanistic models are not equivalent to mechanisms, 
which are hierarchical systems of causally interacting parts that produce regular effects (e.g., 
Glennan 2008). Mechanistic models are tools for explaining how a set of causes generate a 
particular effect, whereas mechanisms are autonomous, machine-like entities that exist in the 
world and are assembled in such a way to perform a predetermined outcome (Nicholson 2012, 
2013).  
The existence of mechanisms, as literally interpreted, in organismal biology is doubtful 
(Nicholson 2013). Unlike organisms, mechanisms are assembled from parts that exist prior to the 
mechanism and are engineered with an intended function in mind. In contrast, organisms are 
autopoietic and dynamic entities that behave according to their own interests by utilizing the 
structures that are available to them at a given time. Rather than “discovering” mechanisms 
within organisms, organismal biologists mechanistically explain how a given set of structures 
systematically contributes to the performance of some function by inferring the causal linkages 
and the interrelationships among the structures to produce an adequate account of their dynamic 
effects.  
Anatomical analyses contribute to mechanistic models and explanations by providing the 
empirical foundation about the properties and relationships of structures. Before the causal role 
of a structure can be inferred, knowledge is required about the causal possibilities that are 
inherent within the architecture and form of the structure itself. This knowledge is acquired 
through anatomical analyses. The inferential step from causal possibilities to causal roles is made 
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through the construction of mechanistic models, which synthesize the results of the anatomical 
analyses with physiological and kinematic data about the behaviors and functions of the 
organism. The predictions that are derived from the mechanistic models can then be tested 
experimentally so that the original synthesis can be revised and amended.  
 Biomechanical principles are the glue that holds mechanical models together. 
Biomechanics is the study of organismal structure and function through the application of 
physical principles to biological systems (e.g., Summers and Long 2006; Vogel 2013). Physical 
principles have been employed in the study of organisms at least since Aristotle (1984).4 The 
development of mechanics into a science over the 2,000 years following Aristotle (e.g., Dugas 
1955) enabled biologists to combine concepts from engineering with their understanding of 
organisms to develop a hybrid discipline, which became known as biomechanics (Alexander 
1983b). For the past 100 years, biomechanists have reinterpreted organismal design in the light 
of the causal roles that structures play in the life an organism and in meeting the challenges of 
living in a physical world (Thompson 1942; Wainwright et al. 1976; Alexander 1983; Fung 
1993; Summers and Long 2006; Vogel 2013). 
Biomechanical principles form the bridge that connects the detailed anatomical 
descriptions of structures with hypotheses about their dynamics. Although anatomical analyses 
are about the structures of organisms and physiological analyses are about the functions of 
organisms, the inferences and interpretations drawn from the datasets that are unique to each 
sub-discipline can nevertheless be synthesized through the use of shared biomechanical concepts 
and principles. As a result, inferences drawn from anatomical analyses of structures can make 
contributions in the explanation of functions, which are the direct targets of physiological 
analyses, and vice versa.5 Therefore, the biochemical composition of tissues, the arrangement 
and direction of fibers, and the organization of musculature and organs are relevant to 
understanding the causal profiles of those structures and to explaining their functions within the 
organism. 
For example, the protein collagen is found in multiple tissues and contains domains of 
three amino acid chains twisted together into a triple helix, which is further stabilized by inter-
chain hydrogen bonds (Birk and Brückner 2011). The triple-helical arrangement enables collagen 
to oppose tensional forces, i.e., stress. The energy required to break the covalent bonds between 
the amino acids forming the chains and the inter-chain hydrogen bonds conveys strength to the 
protein and enables it to resist the lengthening, i.e., strain, caused by stress. By assembling 
multiple collagen proteins into fibrils, multiple fibrils into fibers, multiple fibers into fiber 
bundles, and multiple fiber bundles into tendons and ligaments, a tissue gains the additive 
strength of the thousands and millions of proteins to resist strain. Furthermore, the arrangement 
of the collagen fibers and the biochemical composition of the amino acids within the chains 
provides different degrees of flexibility and tension resistance. The collagen fibers in tendon, for 
example, are arranged in parallel and have an amino acid composition unique to Type-I collagen, 
whereas the collagen fibers in blood vessels are arranged three-dimensionally and helically and 
have an amino acid composition unique to Type-III collagen; the former is better at resisting 
                                                 
4 See “Parts of Animals”, “Movement of Animals”, and “Progression of Animals” in Aristotle (1984).  
 
5 Anatomical analyses in and of themselves are important undertakings and are the primary pursuit of anatomists. 
The additional inferential step of formulating plausible and testable biomechanical inferences enables the integration 
of physiological, kinematic, and behavioral knowledge to explain the causal processes that generate a function and is 
the pursuit of functional morphologists.     
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linear tension, whereas the latter is better at resisting radial expansion, while enabling flexibility 
(Fung 1993). Therefore, the presence and arrangement of collagen fibers within a tissue allows 
the inference that the tissue plays a role in resisting tension and strain, which may be generated 
by the contraction force of muscle, such as in the case of a tendon, or by the strain caused by 
applied pressure, such as in the case of cartilage.  
Based on the anatomical analysis of the Sea Lamprey trunk, functional hypotheses are 
derived about how the structures that compose the trunk work together to move the body in 
locomotion and other behaviors. Although the most recent comprehensive anatomical analysis of 
lampreys was performed almost 70 years ago (i.e., Marinelli and Strenger 1954), substantial 
progress has been made in our understanding of the biomechanics of organisms, including fish 
and the mechanics involved in swimming, but also model organisms, such as humans and 
turkeys, as well as the more readily accessible domestic species, such as dogs and horses. 
Furthermore, much has been learned about the kinematics and physiology of fish locomotion 
(e.g., Lauder 2006, 2015) and about the dynamics of lampreys in particular (e.g., Tytell et al. 
2010; Masserelli et al. 2016; Tytell et al. 2016; Tytell et al. 2018). These studies provide a rich 
context and a firm foundation for analyzing and interpreting the biomechanical significance of 
the tissues in the lamprey trunk and constrain the range of plausible functional hypotheses.         
 
 Inference to the Best Explanation and the Importance of Analogies 
 
Anatomical analyses of non-living organisms provide fruitful insights about the structure and 
function of their parts in life. Bridging the gap between observations of static, lifeless forms to 
hypotheses about dynamic mechanisms is possible by employing a mode of reasoning called 
inference to the best explanation (IBE) (e.g., Harman 1965; Lipton 2004, 2008). IBE is the mode 
of reasoning most widely used by scientists and involves a comparison between the available 
evidence and various plausible hypotheses that may explain it. Each hypothesis is judged in light 
of the evidence as to how well it can plausibly explain the evidence. The hypothesis that best 
explains the evidence is then considered to be the best explanation and, therefore, is accepted.  
IBE is an assessment of the pool of relevant potential explanations in order to determine 
which of those is most plausibly the actual explanation. Choosing the most plausible explanation 
from those available is guided by assessing the power of the explanation to provide 
understanding of the evidence. Explanations that provide understanding are considered to be 
lovely (Lipton 2004). The likelihood, or the probability, of an explanation being true is an 
important criterion, but likelihood is not as strong of a guiding force as is the loveliness of an 
explanation. The process of detecting lovely explanations from the pool of plausible choices is a 
dialectical exercise that involves the accommodation of observational evidence with a 
background of prior knowledge and understanding from which to draw potential explanations 
(Boyd 2017).    
 Employing IBE in the biological sciences, which is characterized by individual variation 
and an oftentimes limited number of observations, requires the additional use of analogical 
reasoning. Analogical reasoning involves a comparison between two different features (e.g., an 
anatomical part, a property, a process, etc.), one of which is well-studied, understood, and 
explained, i.e., the primary analogue, and the other of which is the subject of the investigation, 
i.e., the secondary analogue. The primary analogues act as surrogates for inferring the best 
explanation in order to understand the secondary analogue (Swoyer 1991). However, the derived 
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explanation about the secondary analogue is only as good as the fit of the comparison with the 
primary analogue.  
 Hurley (2006) provides six principles by which the appropriateness of a comparison 
between two analogues can be evaluation. (1) Relevance of the similarities: The features that the 
analogues have in common must be relevant to the explanatory goals of the comparison. (2) 
Number of similarities: The more relevant similarities the two analogues have in common, the 
comparison between them will be stronger and, therefore, the surrogative inferences will be more 
reliable. (3) Nature and degree of disanalogy: The relevant differences between the two 
analogues can weaken or strengthen the comparison depending on whether they reinforce the 
relevant similarities as non-accidental or undermine the similarities by indicating their 
superficiality. (4) Number of primary analogues: If there are multiple primary analogues 
possessing the relevant similarities, then the inferences derived from them will bolster the 
explanation of the secondary analogue. (5) Diversity among primary analogues: If multiple 
primary analogues are different from one another, yet still possess the relevant similarities, then 
the comparison is further strengthened. (6) Specificity of the conclusion: The specificity of the 
explanatory goal or conclusion can constrain the comparison when narrow or dilute the 
comparison when broad.    
 Through the use of IBE and analogical reasoning, the observations on the 
skeletomuscular system of the lamprey are interpreted and explained.  
 
 Biomechanical Principles of Hydrostatic Skeletons 
 
The anatomical analysis of the lamprey trunk is discussed within the context of the 
biomechanical principles of hydrostatic skeletons, which are internally pressurized structural 
systems that maintain a constant volume, yet are nonetheless deformable (Wainwright 1970, 
1982; Vogel 2013). Hydrostatic skeletons are soft tissue based and transmit biomechanical forces 
through the differential generation and distribution of pressures, rather than applying force across 
joints between rigid bones. They operate within the appendages and organs of organisms, such as 
in the tentacles of cephalopods and the tongues of mammals (e.g., Kier and Smith 1985), and 
within entire body regions, such as the trunk of sharks and of dolphins (e.g., Wainwright et al. 
1978; Pabst 1996), and are found within all major taxa of organisms from protists and plants to 
invertebrates and vertebrates (Chapman 1975; Kier 2012). Although there are many different 
types of hydrostatic skeletons (e.g., Kier 2012), the physical differences among them are merely 
the result of different combinations and arrangements of the fundamental properties that all 
hydrostatic skeletons share. The three most important characteristics of all hydrostatic skeletons 
are the presence of an active driver to generate internal pressure, an incompressible fluid filled 
cavity to evenly distribute that pressure, and a peripheral wall built from tension resisting fibers 
to maintain the pressure (Wainwright 1982). These three characteristics are the basis for deriving 
biomechanical principles of hydrostatic skeletons. The principles that are discussed below 
primarily apply to cylindrical hydrostats, but generalizing them to hydrostats of other shapes can 
be done with minimal conceptual effort. 
(1) Internal Pressure Requires a Constant Volume. In order to increase the internal 
pressure of a compartment, the internal volume must remain constant, which means hydrostatic 
skeletons must be closed. In cylindrical hydrostats, volume is represented by the following 
equation: 
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(Eq. 5.1)      𝑉 = 𝜋𝑟2𝐿 
 
where r is the radius and L is the length of the cylinder. Maintaining a constant volume means 
that any changes in length will cause a proportional change in width, and vice versa (Vogel 
2013). If these dimensional changes are allowed, then the internal pressure will stay the same. 
However, when either of these dimensional changes are resisted, the internal pressure will 
increase.  
For example, if an external compressive force is applied circumferentially around the 
diameter of a closed, fluid filled cylinder, the constant volume condition would cause the length 
of the cylinder to increase in direct response to a decrease in the diameter. However, if the length 
is held constant and is prevented from increasing, then the incompressible fluid would evenly 
transfer the external compression force to an internal stress on the walls of the cylinder. Stress is 
defined by the force per cross-sectional area: 
 
(Eq. 5.2)     𝜎 =
𝐹
𝐴
 
 
The stress on the walls will cause them to stretch, or strain, which is measured as the 
change in length relative to the original length: 
 
(Eq. 5.3)      𝜀 =
∆𝐿
𝐿0
 
 
Strain would be resisted by the resilience of the wall material and, therefore, would 
increase the internal pressure. The circumferential or hoop stress on the wall of the cylinder is 
directly related to the internal pressure by the following equation: 
 
(Eq. 5.4)      𝜎𝑐 =
∆𝑝𝑟
∆𝑡
 
 
where σc is the circumferential stress on the walls of the cylinder, p is the internal pressure, r is 
the radius of curvature of the cylinder, and t is the thickness of the cylinder wall (Wainwright 
1982; Vogel 2013). In biological hydrostats, the size of the body and the thickness of the wall 
change only slightly, so that any increase in stress will be directly matched by an increase in 
internal pressure. This direct relationship is maintained until either the stress on the wall 
decreases or the wall structurally fails. The latter is demonstrated every time a grilled sausage 
bursts through its casing, which is strained by the increasing internal pressure until it fails. 
Interestingly, the casing always bursts lengthwise since the circumferential stress on the walls of 
a cylinder is always twice that of the longitudinal stress at its ends (Wainwright 1988), which is 
related by the following equation: 
 
(Eq. 5.5)     𝜎𝑙 =
∆𝑝𝑟
∆2𝑡
 
 
where σl is the longitudinal stress on the walls of the cylinder, p is the internal pressure, r is the 
radius of curvature of the cylinder, and t is the thickness of the cylinder wall, but in this case the 
thickness is multiplied by a factor of 2. As a result, the circumferential stress is double that of the 
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longitudinal stress and is, therefore, the more mechanically relevant factor in the design of 
hydrostatic skeletons.  
(2) Fibers Reinforce the Walls of Hydrostatic Skeletons. The walls of pressurized 
hydrostatic skeletons are reinforced with multiple layers of minimally extensible fibers. Since the 
wall thickness of biological hydrostats minimally changes, maintaining an internal pressure for a 
given stress requires minimal changes in the radius of curvature, i.e., the cylinder wall must not 
allow bulging. Bulging occurs when the cylinder wall is allowed to be stretched, which must be 
resisted in order to prevent bulging and, therefore, a decrease in internal pressure.  
Stretch is resisted by the presence of multiple layers of minimally extensible fibers within 
the wall. Minimally extensible fibers cannot be stretched more than 10-15% of their resting 
length and, therefore, have a low breaking strain. For example, collagen fibers have a breaking 
strain of only 0.1, which means they can only be stretched 10% of their resting length before 
breaking (Vogel 2013). In contrast, elastin fibers have a breaking strain of 1.2, which means they 
can be stretched up to 120% of their resting length before breaking.  
When a circumferential stress is applied to a cylinder, the walls will tend to stretch until 
the maximum strain of the fibers reinforcing the walls is reached. As a result, the radius of 
curvature is held constant, which means by Eq. 5.1 the magnitude of the internal pressure will be 
directly related to the magnitude of the applied stress. Collagen fibers are the most ubiquitous 
fiber type reinforcing the walls of known biological hydrostats, because of both their low 
extensibility and high tensile strength, which is a measure of the stress magnitude required to 
reach their breaking point. 
(3) The Orientation of Reinforcing Fibers Affects the Deformability of Hydrostatic 
Skeletons. Biological hydrostats are dynamic and must be able to bend and deform per the 
behavior of an organism. There are three ways in which the reinforcing fibers within the walls of 
internally pressurized hydrostats can be oriented: randomly, orthogonally, or helically. 
Randomly oriented fibers have unpredictable distributions and, therefore, have unpredictable 
consequences for the deformability of a hydrostat. Hence, randomly oriented fibers are the 
mechanically least advantageous arrangement for biological hydrostats.  
Orthogonally arranged fibers are oriented circumferentially and longitudinally. The 
circumferential fibers would directly resist any changes in diameter, whereas the longitudinal 
fibers would directly resist any changes in length. That is, this fiber orientation resists push and 
pull and, thereby, maintains a constant shape (Vogel 2013). This fiber arrangement works best 
for static hydrostatic skeletons, such as mammalian penises (e.g., Kelly 2007) and is the fiber 
orientation of choice for engineers seeking to reinforce rigid pressurized cylinders. However, 
orthogonally oriented fibers are inappropriate for dynamic hydrostats.  
Helically arranged fibers are grouped into at least two layers of parallel fibers, one 
transcribing a left-handed helix and one transcribing a right-handed helix (Fig. 5.1) (Wainwright 
1982). Helically oriented fibers resist changes in wall diameter while allowing bending without 
kinking (Wainwright 1988; Alexander 1995; Vogel 2013). Bending causes only a change in the 
fiber angle relative to the axis of the body and does not strain the fibers (Fig. 5.1B-C). Only 
twisting or torsional stresses would induce strain and are, therefore, resisted by the helical 
orientation of the fibers.   
(4) The Fiber Angle of Helically Oriented Fibers Modulates the Effects of Increasing 
Internal Pressure. Helically oriented fibers will resist radial expansion and will, thereby, cause 
an increase in pressure in response to an increase in stress. Upon an increase in internal pressure, 
if the fiber angle relative to the longitudinal axis is ~55°, then the dimensions of the cylinder will  
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not change. However, a fiber angle less than 55° will cause the cylinder to shorten and widen, 
i.e., the length will decrease and the radius will increase, whereas a fiber angle greater than 55° 
will cause the cylinder to elongate and thin, i.e., the length will increase and the radius will 
decrease.  
If the length of a hydrostat is fixed, then the fiber angle will affect the intrinsic ability of 
the wall to respond to particular types of stress. For example, torsion is maximally resisted at 
fiber angles of 45° (Wainwright et al. 1978), whereas larger fiber angles will allow a greater 
degree of twisting. At fiber angles of 60° or more, the helical fibers will store elastic energy 
during bending and will, therefore, help return the body to the relaxed position through their 
resilience (Alexander 1987). If the helical fibers are made of collagen, which has a resilience of 
93%, then 93% of the work required to stretch the collagen fibers will be stored as elastic energy 
Figure 5.1. Diagram of a cylinder wrapped in a cross-fiber helical array. (A) Overview. (B) 
Close-up view to show the fiber angle and a rhombus formed between by the crossing of fibers 
of opposite helices. (C) Close-up view after lengthening, which increases the angle between 
fibers of opposite helices and the length of the horizontal diagonal, but does not change the 
vertical diagonal. Symbols: α = angle between fibers of opposite helices; red line = length of 
vertical diagonal; blue line = length of horizontal diagonal. 
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that can be used for recoil (Vogel 2013). Resilience can play an important role in maintaining the 
internal pressure of a hydrostatic skeleton or in returning it to normal after deformation. 
Resilience, or strain energy, is the force of rebound a stretched material can exert after a stress is 
removed. The force of resilience can be described as the product between the change in length 
due to stress and a constant, which is related to the elastic modulus of the material.    
(5) Pressurized Hydrostats Require Active Pressure Generators. Active pressure 
generators are required to stress the walls of hydrostats to, thereby, increase the internal pressure. 
There are two types of active pressure generators: osmotic gradients and contracting muscle. An 
osmotic gradient exists across a semipermeable membrane, i.e., one that allows water to cross, 
but not solutes, and causes water to move from the side where it is more concentrated (area of 
lower solute concentration) to the side where it is less concentrated (area of higher solute 
concentration). Diffusion of water causes the volume on the side of its lesser concentration to 
increase, which will stretch the walls of the recipient cavity. If the walls of the cavity are 
inextensible, however, then the internal pressure will increase in direct proportion to the solute 
concentration difference relative to either side of the semipermeable membrane (Koob and Long 
2000; Vogel 2013). An osmotic gradient is the active pressure generator of hagfish notochords, 
which are filled with hydrophilic proteoglycans that draw in water until the internal pressure is 
counter-balanced by the helical fibers within the notochord wall (Koob et al. 1994; Long et al. 
2002).  
Contracting muscle is also capable of generating internal pressure. A muscle contracts 
through the interaction of actin and myosin within the sarcomeres of the myofibrils. As the actin 
and myosin “pull” along one another to shorten the sarcomere, they interdigitate and, thereby, 
also cause the sarcomere to widen. These interactions at the biochemical level cause the 
macroscopic muscle belly to change its dimensions by becoming shorter and fatter. However, if 
the muscle belly is encased by a wall of inextensible fibers, then the bulging of the muscle will 
be resisted. Since muscle is primarily water based, the resistance by the wall to the bulging will 
be counter acted by the incompressible water. As a result, the internal pressure of the muscle will 
increase (Kier and Smith 1985; Westneat et al. 1998).    
(6) Internal Pressure is Directly Related to Stiffness. Hydrostatic skeletons are internally 
pressurized as a way to increase their stiffness, which enables them to resist compression. 
Stiffness is primarily generated to resist bending and can be increased either globally, such as in 
static hydrostats like mammalian penises (e.g., Kelly 2007), or locally, such as in the discrete 
body regions of swimming fishes (e.g., Long and Nipper 1996). When a cylindrical structure is 
bent, the concave side of the bend is put under compression, whereas the convex side is 
stretched. The compression and tension forces are greatest near the periphery and decline toward 
the center. The center experiences neither compression or tension stresses, but rather undergoes 
shear by the contralaterally opposing forces (Vogel 2013). Furthermore, the constant volume 
condition requires the concave side of the bend to decrease in length and to increase in width, 
i.e., become shorter and fatter, but requires the convex side of the bend to increase in length and 
to decrease in width, i.e., become longer and thinner.  
An increase in the local internal pressure during a bend will cause an increase in the local 
stiffness, which act to oppose the bend. When the pressure/stiffness is increased on the concave 
side, the tendency to shorten that side will be resisted, whereas when pressure/stiffness is 
increased on the concave side, the tendency to thin that side will be resisted. Modulating stiffness 
on either side of a bend through the action of antagonistic muscles can aid in locomotory 
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movements (e.g., Tytell et al. 2018), especially when changes in stiffness are in phase with the 
resonance frequency of the stretch and release of the body tissues (e.g., Long and Nipper 1996).  
The stiffness of the walls of a hydrostatic skeleton is a consequence of the elastic 
modulus of the reinforcing fibers. The elastic modulus (E) is the stress (σ) per unit strain (ε). 
Since stress is defined as the force per area (F/A) and strain is given by the change in length of 
the fiber under stress, the elastic modulus can be represented as: 
 
(Eq. 5.6)      𝐸 =
𝜎
𝜀
=
𝐹∆𝐿
𝐴𝐿0
 
 
Since the length of minimally extensible fibers, such as collagen, changes little, any increase in 
the applied force will cause a direct increase in the stiffness of the wall.  
 
Flexural stiffness is a measure of a material’s resistance to bending and is the product of 
elasticity (E) and the second moment of area (I). Elasticity was defined by Eq. 5.6 and is 
independent of the size and shape of the material. However, the second moment of area depends 
on the cross-sectional area of the material being bent and for a cylinder is defined as: 
 
(Eq. 5.7)      𝐼 =
𝜋𝑟4
4
 
 
where r is the radius of the cylinder. Eq. 5.7 intuitively says that as a cylinder becomes thicker, it 
will be more difficult to bend. Since flexural stiffness is the product E x I, stiffness will change 
in direct proportion to changes in the elasticity or the second moment of area. While the 
equations explicitly define the relationships among the physical variables that are involved, the 
exact numerical parameters are almost impossible to acquire for biological systems. 
 
These biomechanical principles for internally pressurized, cylindrical hydrostatic skeletons will 
frame the following discussion and interpretation of the Sea Lamprey trunk (see Chapter 6).   
 
 The Fundamentals of Beam Bending Theory 
 
Since the lamprey trunk is rectangular in cross-section, lateral bending near the horizontal plane 
will involve similar mechanical force regimes that are similar to those in bending a rectangular 
beam. In summary, to bend a beam (or a lamprey), equal and opposite bending moments are 
required. The following overview introduces the physical principles behind this claim. The 
derivations of the equations are based on Wainwright et al. (1976), Summers and Long (2006), 
Hibbeler (2013), Vogel (2013). 
To begin with, assume a straight rectangular beam of length, L0, has parallel forces of 
equal magnitude and direction applied at each of its ends (Fig. 5.2A-B). These forces will 
generate two bending moments of equal magnitude, but of opposite direction (clockwise and 
counterclockwise) at the center point (i.e., centroid) of the beam (Fig. 5.2C). A moment about a 
given point, X, is defined as: 
 
(Eq. 5.8)     𝑀𝑋 = 𝐹𝑑    
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where M is the moment at X, F is an applied force, and d is the orthogonal distance between the 
applied force and the point X. Based on Eq. 5.8, the magnitude of a moment will increase when 
either the applied force increases or the distance between the applied force and the point at which 
the moment occurs increases. For the example beam, the maximum magnitude of the moment 
occurs at the center of the beam. If two moments of opposite direction act at opposite ends of a 
beam, they are considered to be bending moments. If the material composing the beam is not 
Figure 5.2. Diagrams of a straight and curved beam to show the effect of bending on changes in 
length of the sides. (A) Straight beam. (B) Application of forces at the ends of a straight beam. 
(C) A bent beam. Symbols: green arrows = bending forces; black curved arrows = moments 
caused by bending forces; red arrows = compression forces; purple arrows = tension forces; 
black dot = center of curvature; dotted line = distance between center of curvature and bending 
forces. Letters: L0 = original length; LC = length on concave side of bent beam due to 
compression; LT = length on convex side due to tension; X = center of curvature; d = distance 
between center of curvature and bending forces; F = applied bending force; M = moment caused 
by applied bending force. 
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stronger enough to resist the bending moments, then the beam will bend by moving its ends in 
the direction of each moment that acts upon them.  
 A beam that has been bent into a curve has two sides of different lengths, a concave side 
and convex side (Fig. 5.2C). The length of the concave side, Lc, will be less than the original 
length, L0, whereas the length of the convex side, Lt, will be greater than the original length. The 
concave side becomes shorter because it is compressed, whereas the convex side becomes longer 
because it is tensed. The strain that results from the compression and tension forces is directly 
proportional to the magnitude of the applied forces, which generated the bending moments. At 
the center of the beam, however, compression and tension are zero. Therefore, the center axis is 
neither compressed or stretched and will have the same length as the original length of the beam. 
This is because the strain decreases toward the center of the beam and increases toward the 
edges, where the where the compressive and tension stresses are greatest. To summarize, the 
bending moments generate compressive and tension stresses, which shorten one side of the beam 
(i.e., the concave side) and elongate the other side (i.e., the convex side) to cause the beam to 
bend. 
 In order to understand the relationship of bending stresses (i.e., compression or tension) 
at any point within the beam, take an arbitrary longitudinal line, A, with a length, LA, located 
some distance, y, from the central axis, C (Fig. 5.3A). When the beam is bent, the arbitrary line, 
A, and the central axis, C, will also bend (Fig. 5.3B). The length of the central axis will not 
change, but the length of A changes to a new length, LA’. The change in length, or strain, ε, by 
going from A to A’ is given by: 
 
(Eq. 5.9)      𝜀 =
𝐿𝐴′−𝐿𝐴
𝐿𝐴
 
 
The radius of the curvature for the central axis, R, is defined as the distance between a common 
origin, O, and the central axis along the beam. The arc swept by the radius from one end of the 
curvature to the other is defined by the angle, α, which represents the subtended angle of the 
beam. Therefore, the new length, LA’, can be rewritten in terms of its radius of curvature, which 
is R+y, and the subtended angle, α, as (R+y)α. The original length, LA, can also be rewritten in 
terms of the central axis, C, since C = LA. In terms of the radius of curvature, LA can be rewritten 
as Rα. Therefore, the strain can be rewritten by substituting these equivalencies into Eq. 5.9 to 
give: 
 
(Eq. 5.10)      𝜀 =
(𝑅+𝑦)α−𝑅𝛼
𝑅𝛼
   
 
Eq. 5.10 reduces to Eq. 5.11: 
 
(Eq. 5.11)      𝜀 =
𝑦
𝑅
 
 
Eq. 5.6 (see above) can now be reformulated as: 
 
(Eq. 5.12)      𝜀 =
𝜎
𝐸
=
𝑦
𝑅
  
 
where σ is stress and E is the elastic modulus, which approximates stiffness, Hence, the 
relationship between strain at a given point within a bent beam and the applied stress, σ, is 
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directly (i.e., linearly) dependent upon the distance, y, a given point is from the center of the 
beam. In other words, since y is maximum at the longitudinal edge of the beam, then that is the 
location where the stress and strain is maximized.  
 If a point, dA, along A’ is analyzed in a cross-sectional view, then longitudinal stress will 
be normal at that point and will be equal to zero (Fig. 5.3B, C).  
Figure 5.3. Diagrams to show the distribution of stress within a bent beam. (A) Straight beam. 
(B) Curved beam. (C) Cross-section of the beam. Symbols: Solid black line = central axis; red 
dotted line = arbitrary filament extending from end to end of the beam; purple line = radius of 
curvature; blue lines = angle of curvature; red circle = beam element. Letters: A = length of 
arbitrary filament in straight beam; A’ = length of arbitrary filament in bent beam; α = angle of 
curvature; C = central axis of beam; dA = beam element; L0 = length of straight beam and central 
axis of bent beam; M = bending moments; O = origin of radius of curvature; R = radius of 
curvature; y = distance between central axis and arbitrary beam filament.   
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(Eq. 5.13)      ∫𝜎 ∙ 𝑑𝐴 = 0 
 
By Eq. 5.12, Eq. 5.13 can be rewritten as: 
 
(Eq. 5.14)      ∫
𝐸
𝑅
∙ 𝑦 ∙ 𝑑𝐴 =
𝐸
𝑅
∫𝑦 ∙ 𝑑𝐴 =0 
 
By Eq. 5.14, a point at the central axis (y = 0) will not be stressed or strained. Furthermore, Eq. 
5.14 enables the introduction of bending moments. A bending moment is the moment of all 
normal forces about the central axis. Combining Eq. 5.8 with Eq. 5.13 and Eq. 5.14 gives: 
 
(Eq. 5.15)   𝑀 = 𝐹𝑑 = ∫(𝜎 ∙ 𝑑𝐴) ∙ 𝑦 = ∫ (
𝐸
𝑅
∙ 𝑦 ∙ 𝑑𝐴) ∙ 𝑦 =
𝐸
𝑅
∫𝑦2 ∙ 𝑑𝐴 
 
The last integral in Eq. 15 is equal to the second moment of inertia, I, which is given in Eq. 7 for 
a cylinder. Hence, the equation for a bending moment can be rewritten as: 
 
(Eq. 5.16)      𝑀 =
𝐸
𝑅
∙ 𝐼 
 
Recall that E x I is flexural stiffness, which was defined earlier. In other words, the magnitude of 
the bending moment is directly related to the to the flexural stiffness of the beam, but is inversely 
related to the radius of curvature. Since 𝐼 𝑅⁄  gives the curvature, κ, of the beam Eq. 5.16 can be 
further simplified as: 
 
(Eq. 5.17)      𝑀 = 𝐸𝜅 
 
This means that the bending moment, M, will cause a beam to curve to an extent, κ, that is 
directly proportional to the stiffness of the material within the beam, E.  
 In an ideal beam, the length changes along the concave and convex sides as a result of 
bending the beam will not change the thickness of the beam on either side of the central axis. 
This is because an ideal beam has a Poisson’s ratio, ν, of zero. Poisson’s ratio describes the 
relationship between a length change and width change. For a 2D beam, Poisson’s ratio is 
defined as the ratio between the strain in the lateral, or transverse direction and the strain in 
longitudinal direction.  
 
(Eq. 5.18)      𝜈 = −
𝜀𝑙𝑎𝑡𝑒𝑟𝑎𝑙
𝜀𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙
 
    
Poisson’s ratio ranges from 0 to 0.5 for physical materials. Material with a large Poisson’s ratio, 
such a marshmallow, will bulge outward when compressed, whereas a material with a small 
Poisson’s ratio, such cork, will not bulge outward when compressed. For comparison, biological 
materials have experimentally measured Poisson’s ratios of 1.0 or greater (Frolich et al. 1994).  
 Materials that are stretched can absorb and store the energy used to stretch them as elastic 
energy, which can be transformed into work for rebounding back to the original relaxed state. 
The capacity to rebound is described in materials science as resilience, which is defined as: 
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(Eq. 5.19)      𝑈𝑅 =
𝜎𝑦
2
2𝐸
=
𝜎𝑦∗𝜖𝑦
2
 
 
where σy is the yield strength, which is the magnitude of the applied stretch force before the 
material begins to plastically deform, E is the elastic modulus, and εy is the strain corresponding 
to the yield strength. Resilience, therefore, is directly dependent on both the magnitude of the 
applied stretch force and the length of stretch, but is inversely dependent on the elasticity of the 
tissue. In other words, stiff materials, like collagen, will have a high degree of resiliency, 
whereas elastic materials like elastin, will not.  
 Resilient materials can exert a rebounding force once the applied stress is removed. For 
highly resilient materials like collagen, the rebounding force will be approximately 90% of the 
applied force of stretch. The applied force can be described by rearranging Eq. 5.6, which 
defined the elastic modulus to give: 
 
(Eq. 5.20)      𝜎 = 𝐸𝜀 
 
where E is the elastic modulus, i.e., the material stiffness, and ε is the strain caused by the 
applied stretch force. For highly resilient materials, like collagen, the force of resilience, which 
can be used in rebound, is equal to some percentage of σ. For example, the force of resilience for 
collagen is equal to 90% of σ, which means that collagen can exert a rebound force equal to 90% 
of the applied force that stretched the collagen. 
The mathematical description of these physical relationships provides principles for 
guiding and constraining the biomechanical modeling of the lamprey trunk. Exact numerical 
values for the variables described above are almost impossible to acquire from biological 
systems, but the relationships they describe are helpful in explaining the biomechanics of 
biological systems and in analyzing their morphological structure in relation to their function. 
For example, the analysis above establishes clear relationships between bending moments and 
differential stresses within an elongated object, which can be a virtual beam or a lamprey trunk 
segment. By recognizing how forces are distributed within deformed materials, even virtual 
beams, the anatomical structure of the lamprey trunk can be biomechanically interpreted and 
modeled with a physical context.    
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 Review of Relevant Lamprey Morphology 
 
 The Biochemical Composition of Lamprey Tissues 
 
The connective tissue fibers in the lamprey and particularly in its trunk comprises three types of 
proteins: Collagen, oxytalan, and lamprin. Collagen resists tension and is found throughout the 
fibroskeleton. Oxytalan provides elasticity, is composed of elastic microfibrils (Kielty et al. 
2002) and was found in the walls of blood vessels (Wright 1984; De Mont and Wright 1993). It 
functions like the vertebrate elastin, which has not been detected in lampreys (e.g., Sage and 
Gray 1979, 1980; Potter and Welsch 1992; Welsch and Potter 1994). Lamprin is unique to 
lampreys and found in the cartilages (Wright et al. 1983; Robson et al. 1993; Wright and Keeley 
2001; Wright et al. 2001). 
 
 The Epidermis 
 
The epidermis of lampreys contains an abundance of tonofilaments, which are intermediate 
filaments (i.e., cytokeratins) that are characteristic of epithelial tissue (Bartnik and Weber 1989; 
Joazeiro and Montes 1991; Alarcón et al. 1994; Zaccone et al. 1995). At least four different 
cytokeratins have been detected: K7, K8, K18, and K19 (Alarcón et al. 1994; Zaccone et al. 
1995). These cytokeratins are typical of the vertebrate epidermis and have a similar configuration 
in lampreys. For example, cytokeratins K8-K18 are found as heterodimers in both lampreys and 
mammals (Zaccone et al. 1995; Bragulla and Homberger 2009). Despite the presence of 
cytokeratins, keratinization has not been observed within the epidermis of the trunk (Lethbridge 
and Potter 1981; Rodríguez-Alonso et al. 2017), although localized keratinization and hard 
cornification occurs within the oral cavity of lampreys (Alibardi and Segalla 2011). 
Nevertheless, the presence of multiple cytokeratin types within the epidermis suggests that they 
play an important role in providing mechanical support and protection against the stress and 
abrasion faced by the epidermal cells in life (Lodish et al. 2008; Bragulla and Homberger 2009).  
Three types of cells have been recognized in the lamprey epidermis: Mucous, granular 
and skein cells (e.g., Krause 1923; Lethbridge and Potter 1981; Rodríguez-Alonso et al. 2017). 
 
 Mucous Cells 
 
Mucous cells are interconnected and anchored to the basement membrane by tonofilaments 
(Downing and Novales 1971a; Whitear 1984). They form an epithelium (Lethbridge and Potter 
1981) and contain K8-K18 heterodimers. 
The mucus is synthesized as the mucous cells differentiate and are pushed towards the 
surface of the epidermis. Therefore, the cells are categorized based on their stage of mucus 
production and their location within the epidermis (Downing and Novales 1971a). The 
maturation and mucus formation of the mucous cells vary slightly among different lamprey 
species, but the overall staging is the same (Satō 1982). Basal mucous cells are anchored to the 
basal lamina by multiple hemidesmosomes via tonofilaments as well as to adjacent mucous cells 
through desmosomal connections and invaginations of the plasma membrane (Downing and 
Novales 1971a). They contain few membrane-bound vesicles and have a centrally located 
nucleus. Mid-epidermal mucous cells contain many more membrane-bound vesicles of mucous 
precursors and have a more basally situated nucleus (Downing and Novales 1971a). They also 
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contain galactose (Rodríguez-Alonso et al. 2017). Surface mucous cells are filled with mucus 
and form tight junctions with adjacent mucus cells. They contain sialic acid. A thin cuticle 
covers their external side (Rodríguez-Alonso et al. 2017).   
 The different staining of mucous cells at different locations within the epidermis likely 
reflects the stages of mucus production and the resulting biochemical differences in the cell 
cytoplasm. Lamprey mucus contains glycoproteins that are rich in proteoglycans, which increase 
the viscosity, and mannose, which increases the lubricity of the skin (Rodríguez-Alonso et al. 
2017). Hence, the mucus likely plays a role in the hydrodynamics of lamprey locomotion and 
possibly provides an anti-microbial barrier. 
The cuticle has been described as a component of the epidermis (e.g., Neal and Rand 
1936, Fig. 124; Marinelli and Strenger 1954, Fig. 7; Rodríguez-Alonso et al. 2017) and is distinct 
from the secreted mucus, which may be secreted through canals traversing the cuticle 
(Rodríguez-Alonso et al. 2017).  
The cuticle may play a role in mechanical protection of the epidermis and in the 
regulation of ion exchange across the epidermis. When reproductively mature Sea Lampreys 
leave the ocean and enter freshwater rivers to migrate toward spawning grounds, osmoregulation 
shifts from water retention in a marine environment to water exclusion and excretion in a 
freshwater environment (Beamish 1980). Hence, the cuticle may play a role in minimizing the 
water permeability of the epidermis.  
Additionally, the cuticle may provide an adhesive substrate for retaining mucus on the 
body surface. If mucus plays a role in the hydrodynamics of lamprey locomotion, then it must 
adhere to the skin to perform its function.  
 
 Granular Cells 
 
Granular cells are relatively stable cells in comparison to the mucous cells. The composition of 
their contents remains constant through all life stages from the larval to the adult stage (Downing 
and Novales 1971c; Rodríguez-Alonso et al. 2017). When located within the mid-epidermis, they 
are considered to be immature and are characterized by cytoplasmic granules and organelles, 
whereas in the upper epidermis, they are considered to be mature and are characterized by a lack 
of cellular organelles and a more electron dense cytoplasm (Downing and Novales 1971c). The 
granules within their cytoplasm are swirls of compacted tonofilaments that form appendages 
extending between the underlying mucous cells to the basement membrane (Downing and 
Novales 1971c) and may be based on cytokeratin K18 (Alarcón et al. 1994).  
Granular cells also contain glycosaminoglycans, which are usually present in secretory 
cells (Rodríguez-Alonso et al. 2017). However, there is no evidence that granular cells have a 
secretory or lysosomal function (Lethbridge and Potter 1981; Rodríguez-Alonso et al. 2017). 
However, Whitear (1984) observed granular cells opening and releasing their contents when the 
skin was damaged. Gycosaminoglycans, such as chondroitin, are important components of the 
alarm substance (“Schreckstoff”) for most fishes (Mathuru et al. 2012). Their presence within the 
granular cells of lampreys suggests that they may play a role in the alarm response of lampreys. 
Lampreys exhibit avoidance responses in the presence of damaged conspecifics (Bals and 
Wagner 2012; Imre et al. 2014; Hume and Wagner 2018) and may be detecting the 
glycosaminoglycans released from ruptured granular cells. Glycosaminoglycans are a plausible 
candidate for the chemical trigger in the alarm substance of lampreys, although the composition 
of the alarm substance is currently still unknown (Buchinger et al. 2015). 
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  Skein Cells 
 
The skein (coiled yarn in Middle English) cells were originally described as club cells (Downing 
and Novales 1971b) until ultrastructural analyses revealed bundles of tonofilaments rather than 
secretory elements within the cytoplasm. They were, therefore, renamed ‘skein cells’ and are 
found only within the epidermis of lampreys (Lane and Whitear 1980; Rodríguez-Alonso et al. 
2017). 
The tonofilaments within the skein cells consist predominantly of cytokeratin K7 (Lane 
and Whitear 1980). As they spiral helically along the cell axis from their hemidesmosomal 
attachment to the basement membrane to the apical end of the cell, they adhere to one another at 
various points of contact to form an interconnected meshwork within the cell (Lane and Whitear 
1980; Lethbridge and Potter 1981). Previous authors have suggested that skein cells confer 
stability and resiliency to the epidermis by helping it regain its original conformation after 
deformation or stretching (Studnička 1909; Lane and Whitear 1980; Lethbridge and Potter 
1981). The spiral-like configuration and the interconnectedness of the filaments within a 
columnar cell would provide resistance against both compressive forces directed along the long 
axis of the cell and bending or shear forces directed perpendicular to the long axis. Hence, the 
skein cells may play a role in supporting the epidermis against deformation and in enabling it to 
rebound after having been stretched.   
 
 The Dermis  
 
The dermis of Sea Lampreys was subdivided by Richard Owen (1866) into two unnamed layers. 
Potter and Welsch (1992) also described two dermal layers, an outer and inner layer, which were 
characterized by a different morphology of connective tissue fibers.  
 
 The Biochemical Composition of the Dermis 
 
The major collagen in the lamprey dermis is similar to the vertebrate Type I collagen (Kimura et 
al. 1981; Kimura 1983; Brodsky et al. 1994), which is predominately found in connective tissues 
(Gartner and Hiatt 2007). Type I vertebrate collagen consists of heterotrimer α1(I)2α2(I) chains, 
whereas in lampreys it consists of homotrimer α1(I)3-like chains (Kelly et al. 1988). Type I 
lamprey collagen is the only major collagen in the lamprey dermis, whereas Type I and Type III 
are major collagens in the mammalian dermis. The exclusivity of Type I collagen in the lamprey 
dermis makes its structure biochemically like vertebrate tendon, which is also composed 
predominantly of Type I collagen (Brodsky et al. 1994).  
Since a gene for Type I vertebrate collagen has not been found in lampreys, the 
homology of vertebrate Type I collagen and lamprey Type I-like collagen is doubtful (Kusakabe 
and Kuratani 2007). Rather, Type I-like collagens convergently evolved in lampreys. Gene 
expression for vertebrate Type II collagen has been detected within the lamprey dermis, however 
(Zhang et al. 2006). In addition to two types of collagen, fibronectin has also been detected 
among the fiber bundles of the dermis (Wright 1986). It is an adhesive glycoprotein and may 
play a stabilizing role by helping maintain the organization of the dermal fiber bundles, which 
are not wrapped in an epitenon as are those of other vertebrates (Summers and Koob 2002). By 
holding the dermal fibers together, fibronectin distributes stresses throughout the layers of the 
collagen fiber bundles (Alexander 1987; Frolich et al. 1994).    
135 
Elastin has not been observed within either layer of the dermis and is not associated with 
the connective tissue matrix or the walls of the dermal blood vessels (Wright 1984; Potter and 
Welsch 1992). 
 
 The Helical Organization of the Dermal Collagen Fiber Bundles 
 
The dermal fiber bundles are helically organized across multiple levels: At lower levels of 
organization, the collagen fibers are helical braids of collagen fibrils, whereas at higher levels of 
organization, the fiber bundles are helically wrapped around the trunk.  
The collagen protein, or tropocollagen, is arranged as a triple-helix of alpha-helical amino 
acid chains (Orgel et al. 2014), which enables conformational changes in direct response to the 
magnitude and direction of tensile forces (Ackbarow et al. 2009; Chang and Buehler 2014). 
Tropocollagens minimally stretch when put under tension because of their biochemical structure 
and are, therefore, able to withstand tensile forces (Buehler 2006). Because of their alpha-helical 
structure, tropocollagens have a greater tensile strength than steel when compared pound for 
pound (Lodish et al. 2008).  
The tropocollagens in the lamprey dermis are helically organized to form fibrils, which 
are molecularly organized similarly to those found in vertebrates (Brodsky et al. 1994). The 
collagen fibrils in the dermis of lampreys are uniform in diameter (Craig et al. 1987) in contrast 
to those in vertebrates with a diversity of diameters. In vertebrates, the collagen fibrils are further 
helically braided into bundles to form rope-like collagen fibers (Bozec et al. 2007). If the dermal 
collagen fibers in lampreys were similarly arranged as in vertebrates, then this hierarchical 
helical organization would confer great tensile strength (Shoulders and Raines 2009). At an even 
higher level of organization, the dermal fibers are helically braided to form fiber bundles, which 
are themselves organized into layers that are helically wound around the body. Hence, the dermis 
of lampreys is helically organized from the level of molecules to the level of fiber bundles and 
acquires the additive strength of the hierarchically arranged helices.  
The arrangement of fibers into helical braids is mechanically advantageous and confers 
greater tensile strength and mobility in comparison to parallel fibers. Helical braids of fibers 
evenly distribute tensile loads among the strands and withstand loads when deformed, flexed, or 
twisted (McKenna et al. 2004). They can be further helically braided together to form higher 
level fiber bundles that possess the additive tensile strength from the combination of both their 
helical organization and the helical organization of their constituent strands. As an analogy, 
cotton ropes, which are preferred over other rope types based on their strength and flexibility, are 
formed by helically braiding cotton strands that are formed by helically braided cotton fibers that 
are formed by helically braided molecules (McKenna et al. 2004). Hierarchical helices convey 
strength and flexibility to all levels of organization from the molecular (e.g., cotton fibers or 
collagen) to the macroscopic (e.g., cotton ropes or collagen fiber bundles).   
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 The Skeleto-Muscular System 
 
 The Musculature 
 
The trunk musculature is subdivided into a series of myomeres by connective tissue myosepta 
(Hardisty and Rovainen 1982). The myomeres of lampreys are not morphologically subdivided 
by a horizontal septum as are the myomeres of piscine gnathostomes (Gemballa et al. 2003). 
However, the epaxial and hypaxial regions of the lamprey myomeres are developmentally (e.g., 
Kusakabe and Kuratani 2005; Kusakabe et al. 2011) and neurophysiologically distinct (Grillner 
and Wallén 1984) and can be activated separately (Buchanan 2011). Each myomere is further 
subdivide by connective tissue sheets of perimysial fascia into sheets of muscle fibers called 
muscle laminae or muscle blocks. 
 Each muscle lamina contains at least two morphologically and physiologically distinct 
muscle fiber types: Parietal muscle fibers and central muscle fibers (Grenacher 1867; Maurer 
1894; Peters and Mackay 1961; Teräväinen 1971). The parietal muscle fibers line the periphery 
of muscle laminae and are much narrower than the broad central fibers in the center of the 
lamina. The parietal muscle fibers have deeply interdigitating myotendinous junctions, are in 
direct contact with the perimysial vasculature, contain numerous mitochondria, and exhibit 
electrical properties consistent with slow-oxidative muscle fiber types in vertebrates (Peters and 
Mackay 1961; Teräväinen 1971; Lie 1974; Nakao 1975). This suggests that they perform best in 
sustained contractions and may function analogously to the red muscle of piscine vertebrates 
(Johnston 1983; Syme 2006). In contrast, the central muscle fibers have shallow myotendinous 
junctions, are only indirectly in contact with the perimysial vasculature via the parietal muscle 
fibers, contain few mitochondria, and exhibit electrical properties consistent with fast-glycolytic 
muscle fiber types of vertebrates (Peters and Mackay 1961; Teräväinen 1971; Lie 1974; Nakao 
1975). This suggests that they perform best in fast contractions and may function analogously to 
the white muscle in other piscine vertebrates (Johnston 1983; Syme 2006). 
 The arrangement of different muscle fiber types within each muscle lamina in lampreys 
differs from that within the trunk musculature of piscine vertebrates, in which different muscle 
fiber types are grouped into functionally separate regions of the trunk (Bone and Moore 2008). 
For example, red-slow-oxidative muscle fiber types are usually found along the mid-lateral 
region for powering sustained lateral undulations in steady swimming, whereas white-fast-
glycolytic muscle fiber types are found above and below the red fibers and contribute to short 
powerful bursts for generating speed.  
 Pietschmann (1962) observed branching parietal muscle fibers within the muscle blocks 
of moribund post-spawning lampreys. Branching in vertebrate skeletal muscle fibers is 
associated with aging and pathologically regenerated muscle (Blaivas and Carlson 1991; 
Pichavant and Pavlath 2014). There is no plausible mechanical advantage to branching of 
skeletal muscle fibers and there is good reason to think that it is functionally disadvantageous 
because branching reduces the contraction force (see Chan et al. 2007).  
 
 The Perimysial Fascia 
 
The sheets of perimysial fascia that subdivide the myomeres into muscle laminae contain Type-I 
like fiber bundles running cranio-laterally to caudo-medially (Pietschmann 1962; Potter and 
Welsch 1992; Vogel and Gemballa 2000). Fibronectin has also been detected within the 
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perimysial fascia (Wright 1986) and may play a role in adhering the muscle laminae to one 
another in order to provide additional stability and to help maintain the shape of the myomeres 
(Potter and Welsch 1992).   
 No functional interpretation of the perimysial fascia has been proposed to date, although 
Vogel and Gemballa (2000) compared the sheet-like morphology of the perimysial fascia to the 
horizontal septum of sharks and bony fishes. However, this comparison would only apply to the 
perimysial fascia near the horizontal plane and would not explain the function of the perimysial 
fascia oriented nearly vertically in the dorsal and ventral region of the trunk. Furthermore, an 
extensive perimysial fascia exists in piscine gnathostomes, which also possess a horizontal 
septum (e.g., Willemse 1972). 
 
 The Myosepta 
 
The morphology of myosepta has been described for various species of piscine vertebrates (e.g., 
Cole 1907; Greene and Greene 1913; Nursall 1956; Willemse 1966; Gemballa 1998), but Potter 
and Welsch (1992) were the first to describe in detail the myosepta of the European River 
Lamprey (Lampetra fluviatilis) and the Pouched Lamprey (Geotria australis) and found that the 
myosepta contained large myoseptal tendons extending from muscle fibers, reticular fibers (i.e., 
perimysial fiber bundles), and large blood vessels. They did not describe the adipocytes within 
the myosepta, although they are known as storage sites of fat (Youson et al. 1979).  
Vogel (2000) and Vogel and Gemballa (2000) used light microscopy to analyze the 
orientation of the myoseptal tendons in the myosepta of Sea Lampreys. Their analyses revealed 
tendons running in different orientations and directions within the myosepta. In the dorsal and 
ventral portions, they describe the myoseptal tendons as running obliquely at a steep angle to the 
horizontal plane. They also describe large intermuscular tendons lining the external edges of the 
dorsal and ventral portions. In the periaxial and perivisceral portions of the myosepta, they 
describe crisscrossing tendons, with one group of tendons running dorso-laterally and another 
ventro-laterally. Since their analysis was performed on myosepta cut out from a clear and stained 
trunk, they were unable to correlate the orientation of the tendons with particular muscle fiber 
attachments. They also did not provide a biomechanical interpretation due to the lack of 
morphological knowledge about the rest of the fibroskeleton and integument. 
 
 The Axial Organs 
 
 The Fat Column 
 
The fat column is the primary site of fat storage (Gaskell 1908; Youson et al. 1979) and 
hemopoiesis for post-metamorphic lampreys (Percy and Potter 1976, 1977). The fat column may 
also play a role in locomotion and defense. Whiting (1972) suggested that its low density and its 
location within the dorsal half of the body would keep the trunk upright and increase 
maneuverability in the absence of paired fins.  
Potter et al. (1978) further suggested that the fat column would protect the spinal cord 
from damage caused by predation. Although it is not uncommon to observe lampreys with deep 
lacerations on their dorsum, such gashes, however, rarely penetrate through the muscle tissue 
and, thus, do not reach the fat column (personal observation).  
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 The Ectomeninx 
 
The ectomeninx encloses the vertebral canal, which houses the spinal cord and forms the floor of 
the fat column. It has a similar structure in all lamprey species that have been surveyed (Potter 
and Welsch 1992) but is unusually large in the Pouched Lamprey (Geotria australis). Potter and 
Welsch (1992) suggested that the ectomeninx of this species protected the spinal cord from 
damage caused by predation. Even if this were the function of the ectomeninx in Geotria, this 
would not explain its presence in all other lamprey species. The fibers of the ectomeninx are 
Type I-like collagen based and are continuous with the perimysial fiber bundles and the 
myoseptal tendons (Nakao 1979; Potter and Welsch 1992).  
 
 The Notochord 
 
The notochord is a hydrostatic skeleton with a core of incompressible vacuolated cells, which are 
surrounded by the tension-resisting notochord sheath. The notochord sheath is, in turn, anchored 
to the perimysial fiber bundles and myoseptal tendons through the thin outer elastica externa. 
These four layers together make the notochord into a stiff, incompressible rod and the primary 
component of the axial skeleton (Barrington 1979; Hardisty 1981). 
 The elastica externa forms the thin outermost layer of the notochord. Although its name 
suggests the presence of elastic material, the presence of elastin or other elastic fiber types, such 
as oxytalan, has not been conclusively detected (Potter and Welsch 1992; Schinko et al. 1992). 
To avoid the ambiguity and confusion of the terms ‘elastica externa’, in the present study this 
layer is given the Latin name, Lamina perinotochordalis. The function of this layer is unknown. 
The notochord sheath is a thick layer of collagen between the external elastica externa 
and the internal vacuolated cells. It is composed primarily of circularly and helically arranged 
Type-II collagen fibrils (Kimura and Kamimura 1982; Eikenberry et al. 1984; Sheren et al. 1986; 
Brodsky et al. 1994; Zhang et al. 2006; Antipova and Orgel 2010), which are interconnected by 
sulphated proteoglycans (Welsch et al. 1991; Potter and Welsch 1992). The structural 
components of the notochord sheath are similar to vertebrate hyaline cartilage, which also 
consists of Type-II collagen fibrils that are interconnected by the sulphated proteoglycan, 
aggrecan (Knudson and Knudson 2001; Roughley 2006). Aggrecan is osmotically active and 
draws in water to hydrate the cartilage, which withstands compression as the water slowly leaks 
out and the collagen fibrils are tensed (Gartner and Hiatt 2007). The sulphated proteoglycans 
within the notochord sheath of lampreys may play a similar role and may also enable 
compression resistance. Furthermore, the shape of the notochord sheath as a hollow cylinder 
with relatively thick walls is a mechanically ideal configuration for withstanding compression 
forces from all directions, whilst minimizing the possibility of buckling during bending (Vogel 
2013). Hence, the notochord sheath in lampreys is likely capable of resisting compression by 
either external or internal forces, while also being able to bend smoothly without kinking.  
The space within the center of the notochord sheath is occupied by vacuolated cells, 
which develop from the notochord epithelium lining the inner surface of the sheath (Potter and 
Welsch 1992). Vacuolated cells are present within the notochords of all vertebrates and are 
hypothesized to exert an outward turgor pressure (Hardisty 1981; Adams et al. 1990; Koehl et al. 
2000), which increases the overall stiffness of the notochord. Since turgor pressure is caused by 
osmotic pressure, the vacuoles within the cells must contain an osmotically active substance, 
which to draw in water. The osmotically active component within the vacuolated cells of the 
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lamprey notochord is currently unknown. Schwarz (1961) hypothesized that a high concentration 
of glycogen may be responsible, but after analyzing the vacuolated cells within the hagfish 
notochord, Welsch et al. (1998) suggested that a more complex carbohydrate might be involved.  
The notochord string runs along the center of the notochord and comprises closely 
packed avacuolated cells and their extracellular matrix (Krause 1923; Hardisty 1981). It is also 
found in hagfishes (Myxine, Flood 1972; Welsch et al. 1998), sturgeons (Acipenser, Schmitz 
1998; Leprévost et al. 2017), lungfishes (Protopterus, Schmitz 1998), and in some embryonic 
actinopterygian species (e.g., Perca, Schmitz 1995; Fugu, Kaneko et al. 2016). The notochord 
string is hypothesized to axially strengthen the notochord (Kaneko et al. 2016), but questions 
remain as to its particular function within different species. For example, the notochord string is 
mineralized in sturgeon, but the reason why is not obvious (Leprévost et al. 2017).   
 
 The Arcualia 
 
The arcualia are part of the axial skeleton of lampreys. They are cartilaginous and have a 
unique biochemical composition. Like vertebrate cartilage, the arcualia contain Type-II collagen 
fibrils (Parker 1883; Zhang et al. 2006; Zhang 2007) and similar types of glycosaminoglycans 
(Potter and Welsch 1992). However, the major component within the arcualia is a protein unique 
to lampreys called lamprin (Robson et al. 1997; Wright and Keeley 2001), which is a 
hydrophobic, cross-linking polymer and is biochemically similar to elastin (Wright et al. 1983). 
Lamprin also shares molecular amino acid sequence similarities with proteins found within 
invertebrate tissues, such as the chorion of roach eggs and spider silk (Robson et al. 1993; 
Robson et al. 2000). Biomechanically, lamprin-based cartilages resist compression through the 
retention of water, which is functionally similar to vertebrate cartilage, but the recoil or 
hysteresis time of lamprin-based cartilage is on the order of hours (Courtland et al. 2003; Green 
and Winlove 2014). Lamprin-based cartilages have a higher stiffness than elastic cartilage, but 
are more pliable than hyaline cartilage (Green and Winlove 2014).     
The location of the arcualia dorsal to the notochord and lateral to the vertebral canal has 
led to comparisons between the arcualia and the vertebrae of gnathostomes (e.g., Goodrich 1930; 
Marinelli and Strenger 1954; Hardisty 1981; De Iuliis and Pulera 2007; Janvier 2011). However, 
their homologous status is uncertain since the developmental origin of the arcualia is unclear and 
there is great diversity in vertebra development (Goodrich 1930; Zhang 2009). Molecular 
evidence suggests that the arcualia in lampreys may develop either from the sclerotome, the 
notochord, or a combination of both (Zhang 2009).  
 Arcualia are found only in adult lampreys, which suggests that they may play a role in the 
active lifestyle that begins after metamorphosis (Potter and Welsch 1992). Although Strenger 
(1965) dismissed the functional importance of the arcualia and described them as “völlig 
bedeutungslos” (p. 503), Potter and Welsch (1992) interpreted the attachment of the myoseptal 
tendons and perimysial fiber bundles to the arcualia as indicating that the cartilages may play 
some role in locomotion. Grotmol et al. (2006) interpreted the arcualia in salmon larvae as 
playing an important role in transmitting force from multiple directions to the centrally placed 
notochord. They note that the arcualia form along the tendons within the myosepta and so 
develop analogously to intratendinous sesamoids, which form within vertebrate tendons that are 
resisting both linear tension and orthogonal compression (Scapinelli 1963; Regnault et al. 2017). 
Sesamoid formation begins in general with the formation of a cartilage precursor that may later 
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become replaced by bone, depending on the genetic and biomechanical environment (Benjamin 
and Ralphs 1998).   
 
 References 
 
Ackbarow T, Sen D, Thaulow C, Buehler MJ. 2009. Alpha-helical protein networks are self-
protective and flaw-tolerant. PLoS ONE 4:e6015. 
 
Adams DS, Keller R, Koehl MAR. 1990. The mechanics of notochord elongation, straightening 
and stiffening in the embryo of Xenopus laevis. Development 110:115-130. 
 
Alarcón VB, Filosa MF, Youson JH. 1994. Keratin polypeptides in the epidermis of the larval 
(ammocoete) sea lamprey, Petromyzon marinus L., show a cell type-specific 
immunolocalization. Canadian Journal of Zoology 72:190-194. 
 
Alexander RM. 1987. Bending of cylindrical animals with helical fibres in their skin or cuticle. 
Journal of Theoretical Biology 124:97-110. 
 
Alibardi L, Segalla A. 2011. The process of cornification in the horny teeth of the lamprey 
involves proteins in the keratin range and other keratin-associated proteins. Zoological 
Studies 50:416-425. 
 
Antipova O, Orgel JPRO. 2010. In situ D-periodic molecular structure of type II collagen. The 
Journal of Biological Chemistry 285:7087-7096. 
 
Bals JD, Wagner CM. 2012. Behavioural responses of sea lamprey (Petromyzon marinus) to a 
putative alarm cue derived from conspecific and heterospecific sources. Behaviour 
149:901-923. 
 
Barrington EJW. 1979. Essential features of lower types. In: Wake MH, editor. Hyman's 
Comparative Vertebrate Anatomy, 3rd ed. Chicago: The University of Chicago Press. p 
57-86. 
 
Bartnik E, Weber K. 1989. Widespread occurrence of intermediate filaments in invertebrates; 
common principles and aspects of diversion. European Journal of Cell Biology 50:17-33. 
 
Beamish FWH. 1980. Biology of the North American anadromous sea lamprey, Petromyzon 
marinus. Canadian Journal of Fish and Aquatic Science 37:1924-1943. 
 
Benjamin M, Ralphs JR. 1998. Fibrocartilage in tendons and ligaments-an adaptation to 
compressive load. Journal of Anatomy 193:481-494. 
 
Blaivas M, Carlson BM. 1991. Muscle fiber branching-difference between grafts in old and 
young rats. Mechanisms of Ageing and Development 60:43-53. 
 
Bone Q, Moore RH. 2008. Biology of Fishes, 3rd ed. New York: Taylor & Francis. 
141 
Bozec L, van der Heijden G, Horton M. 2007. Collagen fibrils: Nanoscale ropes. Biophysical 
Journal 92:70-75. 
 
Bragulla HH, Homberger DG. 2009. Structure and functions of keratin proteins in simple, 
stratified, keratinized and cornified epithelia. Journal of Anatomy 214:516-559. 
 
Brodsky B, BelBruno KC, Hardt TA, Eikenberry EF. 1994. Collagen fibril structure in lamprey. 
Journal of Molecular Biology 243:38-47. 
 
Buchanan JT. 2011. Flexibility in the patterning and control of axial locomotor networks in 
lamprey. Integrative and Comparative Biology 51:869-878. 
 
Buchinger TJ, Siefkes MJ, Zielinski BS, Brant CO, Li W. 2015. Chemical cues and pheromones 
in the sea lamprey (Petromyzon marinus). Frontiers in Zoology 12:32. 
 
Buehler MJ. 2006. Nature designs tough collagen: Explaining the nanostructure of collagen 
fibrils. PNAS 103:12285-12290. 
 
Chan S, Head SI, Morley JW. 2007. Branched fibers in dystrophic mdx muscle are associated 
with a loss of force following lengthening contractions. American Journal of Physiology-
Cell Physiology 293:C985-C992. 
 
Chang S-W, Buehler MJ. 2014. Molecular biomechanics of collagen molecules. Materials Today 
17:70-76. 
 
Cole FJ. 1907. A monograph on the general morphology of the myxinoid fishes, based on a 
study of Myxine. Part II. The anatomy of the muscles. Transactions of the Royal Society 
Edinburgh 45:683-757. 
 
Courtland HW, Wright GM, Root RG, DeMont ME. 2003. Comparative equilibrium mechanical 
properties of bovine and lamprey cartilaginous tissues. Journal of Experimental Biology 
206:1397-1408. 
 
Craig AS, Eikenberry EF, Parry DAD. 1987. Ultrastructural organization of skin: Classification 
of the basis of mechanical role. Connective Tissue Research 16:213-223. 
 
De Iuliis G, Pulera D. 2007. The Dissection of Vertebrates. Boston: Academic Press. 
 
De Mont ME, Wright GM. 1993. Elastic arteries in a primitive vertebrate: Mechanics of the 
lamprey ventral aorta. Experientia 49:43-46. 
 
Downing SW, Novales RR. 1971a. The fine structure of lamprey epidermis I. Introduction and 
mucous cells. Journal of Ultrastructure Research 35:282-294. 
 
Downing SW, Novales RR. 1971b. The fine structure of lamprey epidermis II. Club cells. 
Journal of Ultrastructure Research 35:295-303. 
142 
Downing SW, Novales RR. 1971c. The fine structure of lamprey epidermis III. Granular cells. 
Journal of Ultrastructure Research 35:304-313. 
 
Eikenberry EF, Childs B, Sheren SB, Parry DAD, Craig AS, Brodsky B. 1984. Crystalline fibril 
structure of Type II collagen in lamprey notochord sheath. Journal of Molecular Biology 
176:261-277. 
 
Flood PR. 1972. The notochord of Myxine glutinosa L. related to that of other chordates. Acta 
Regiae societatis scientiarum et literarum Cothoburgensis (Zoologica) 8:14-16. 
 
Frolich LM, LaBarbera M, Stevens WP. 1994. Poisson's ratio of a crossed fibre sheath: the skin 
of aquatic salamanders. Journal of Zoology London 232:231-252. 
 
Gartner LP, Hiatt JL. 2007. Color Textbook of Histology, 3rd ed. Philadelphia: Saunders 
Elsevier. 
 
Gaskell WH. 1908. Origin of the Vertebrates. London: Longmans, Green. 
 
Gemballa S. 1998. Myoseptal architecture and trunk musculature of actinopterygian fishes - a 
functional analysis of undulatory locomotion by an anatomical approach. Verhandlungen 
der Gesellschaft für Ichthyologie 1:29-58. 
 
Gemballa S, Hagen K, Roder K, Rolf M, Treiber K. 2003. Structure and evolution of the 
horizontal septum in vertebrates. Journal of Evolutionary Biology 16:966-975. 
 
Goodrich ES. 1930. Studies of the Structure and Development of Vertebrates. London, UK: 
MacMillan and Co., Limited. 
 
Green EM, Winlove CP. 2014. The structure and mechanical properties of the proteins of 
lamprey cartilage. Biopolymers 103:187-202. 
 
Greene CW, Greene CH. 1913. The skeletal musculature of the King Salmon. Bulletin of the 
United States Bureau of Fisheries 33:21-60. 
 
Grenacher H. 1867. Beiträge zur nähern Kenntniss der Musculatur der Cyclostomen und 
Leptocardier. Zeitschrift für Wissenschaftliche Zoologie 17:577-597. 
 
Grillner S, Wallén P. 1984. How does the lamprey central nervous system make the lamprey 
swim? Journal of Experimental Biology 112:337-357. 
 
Grotmol S, Kryvi H, Keynes R, Krossøy C, Nordvik K, Totland GK. 2006. Stepwise 
enforcement of the notochord and its intersection with the myoseptum: an evolutionary 
path leading to development of the vertebra? Journal of Anatomy 209:339-357. 
 
Hardisty MW. 1981. The skeleton. In: Hardisty MW, Potter IC, editors. The Biology of 
Lampreys. London: Academic Press. p 333-376. 
143 
Hardisty MW, Rovainen CM. 1982. Morphological and functional aspects of the muscular 
system. In: Hardisty MW, Potter IC, editors. The Biology of Lampreys. London: 
Academic Press. p 137-231. 
 
Hume JB, Wagner M. 2018. A death in the family: Sea lamprey (Petromyzon marinus) 
avoidance of confamilial alarm cues diminishes with phylogenetic distance. Ecology and 
Evolution 8:3751-3762. 
 
Imre I, Di Rocco RT, Belanger CF, Brown GE, Johnson NS. 2014. The behavioural response of 
adult Petromyzon marinus to damage-released alarm and predator cues. Journal of Fish 
Biology 84:1490-1502. 
 
Janvier P. 2011. Comparative anatomy: All vertebrates do have vertebrae. Current Biology 
21:R661-R663. 
 
Joazeiro PP, Montes GS. 1991. Morphological distinction between filaments that converge upon 
desmosomes and those that are attached to hemidesmosomes in the epidermis of anuran 
larvae and lampreys. Journal of Anatomy 175:27-39. 
 
Johnston IA. 1983. Dynamic properties of fish muscle. In: Webb PW, Weihs D, editors. Fish 
Biomechanics. New York: Praeger Publishers. p 36-67. 
 
Kaneko T, Freeha K, Wu X, Mogi M, Uji S, Yokoi H, Suzuki T. 2016. Role of notochord cells 
and sclerotome-derived cells in vertebral column development in fugu, Takifugu 
rubripes: histological and gene expression analysis. Cell and Tissue Research 366:37-49. 
 
Kelly J, Tanaka S, Hardt T, Eikenberry EF, Brodsky B. 1988. Fibril-forming collagens in 
lamprey. Journal of Biological Chemistry 263:980-987. 
 
Kielty CM, Baldock C, Lee D, Rock MJ, Ashworth JL, Shuttleworth CA. 2002. Fibrillin: from 
microfibril assembly to biomechanical function. Philosophical Transactions of the Royal 
Society B 357:207-217. 
 
Kimura S. 1983. Vertebrate skin type I collagen: Comparison of bony fishes with lamprey and 
calf. Comparative Biochemistry and Physiology Part B: Biochemistry and Molecular 
Biology 74:525-528. 
 
Kimura S, Kamimura T. 1982. The characterization of lamprey notochord collagen with special 
reference to its skin collagen. Comparative Biochemistry and Physiology 73B:335-339. 
 
Kimura S, Kamimura T, Takema Y, Kubota M. 1981. Lower vertebrate collagen: Evidence for 
type I-like collagen in the skin of lamprey and shark. Biochimica et Biophysica Acta 
669:251-257. 
 
Knudson CB, Knudson W. 2001. Cartilage proteoglycans. Seminars in Cell and Developmental 
Biology 12:69-78. 
144 
Koehl MAR, Quillin KJ, Pell CA. 2000. Mechanical design of fiber-wound hydraulic skeletons: 
The stiffening and straightening of embryonic notochords. American Zoologist 40:28-41. 
 
Krause R. 1923. Mikroskopische Anatomie der Wirbeltiere in Einzeldarstellungen: Teleostier, 
Plagiostomen, Zyklostomen und Leptokardier. Berlin: Walter de Gruyter & Co. 
 
Kusakabe R, Kuratani S. 2005. Evolution and developmental patterning of the vertebrate skeletal 
muscles: perspectives from the lamprey. Developmental Dynamics 234:824-834. 
 
Kusakabe R, Kuratani S. 2007. Evolutionary perspectives from development of mesodermal 
components in the lamprey. Developmental Dynamics 236:2410-2420. 
 
Kusakabe R, Kuraku S, Kuratani S. 2011. Expression and interaction of muscle-related genes in 
the lamprey imply the evolutionary scenario for vertebrate skeletal muscle, in association 
with the acquisition of the neck and fins. Development Biology 350:217-227. 
 
Lane EB, Whitear M. 1980. Skein cells in lamprey epidermis. Canadian Journal of Zoology 
58:450-455. 
 
Leprévost A, Azaïs T, Trichet M, Sire J-Y. 2017. Identification of a new mineralized tissue in 
the notochord of reared Siberian sturgeon (Acipenser baerii). Journal of Morphology 
278:1586-1597. 
 
Lethbridge RC, Potter IC. 1981. The skin. In: Hardisty MW, Potter IC, editors. The Biology of 
Lampreys. Toronto: Academic Press. p 377-448. 
 
Lie HR. 1974. A quantitative identification of three muscle fiber types in the body muscles of 
Lampetra fluviatilis, and their relation to blood capillaries. Cell Tissue Research 154:109-
119. 
 
Lodish H, Berk A, Kaiser CA, Krieger M, Scott MP, Bretscher A, Ploegh H, Matsudaira P. 2008. 
Molecular Cell Biology, 6th ed. New York: W.H. Freeman and Company. 
 
Marinelli W, Strenger A. 1954. Lampetra fluviatilis (L.). In: Vergleichende Anatomie und 
Morphologie der Wirbeltiere, Band 1, I. Lieferung. Wien (Austria): Verlag Franz 
Deuticke. p 1-80. 
 
Mathuru AS, Kibat C, Cheong WF, Shui G, Wenk MR, Friedrich RW, Jesuthasan S. 2012. 
Chondroitin fragments are odorants that trigger fear behavior in fish. Current Biology 
22:538-544. 
 
Maurer F. 1894. Die Elemente der Rumpfmuskulatur bei Cyclostomen und höheren 
Wirbelthieren. Morphologisches Jahrbuch 21:473-619. 
 
McKenna HA, Hearle JWS, O'Hear N. 2004. Handbook of Fibre Rope Technology. Boca Raton, 
FL: CRC Press. 
145 
Nakao T. 1975. Fine structure of the myotendinous junction and "terminal coupling" in the 
skeletal muscle of the lamprey, Lampetra japonica. The Anatomical Record 182:321-
338. 
 
Nakao T. 1979. Electron microscopic studies on the lamprey meninges. Journal of Comparative 
Neurology 183:429-453. 
 
Neal HV, Rand HW. 1936. Comparative Anatomy. Philadelphia: P. Blakiston's Son & Co., Inc. 
 
Nursall JR. 1956. The lateral musculature and the swimming of fish. Proceedings of the 
Zoological Society of London 126:127-143. 
 
Orgel JPRO, Persikov AV, Antipova O. 2014. Variation in the helical structure of native 
collagen. PLoS Biol 9:e89519. 
 
Owen R. 1866. On the Anatomy of Vertebrates: Fishes and Reptiles. London: Longmans, Green, 
and Co. 
 
Parker WK. 1883. On the skeleton of the marsipobranch fishes. Part II. Petromyzon. 
Philosophical Transactions of the Royal Society of London 174:411-457. 
 
Percy LR, Potter IC. 1976. Blood cell formation in the River lamprey, Lampetra fluviatilis. 
Journal of Zoology London 178:319-340. 
 
Percy LR, Potter IC. 1977. Changes in haemopoietic sites during the metamorphosis of the 
lampreys Lampetra fluviatilis and Lampetra planeri. Journal of Zoology London 
183:111-123. 
 
Peters A, Mackay B. 1961. The structure and innervation of the myotomes of the lamprey. 
Journal of Anatomy 95:575-585. 
 
Pichavant C, Pavlath GK. 2014. Incidence and severity of myofiber branching with regeneration 
and aging. Skeletal Muscle 4:9. 
 
Pietschmann W. 1962. Cyclostomata. In: Helmcke J-G, Lengerken Hv, Starck D, editors. 
Handbuch der Zoologie: Acrania-Cyclostomata-Pisces. p 127-547. 
 
Potter IC, Welsch U. 1992. Arrangement, histochemistry and fine structure of the connective 
tissue architecture of lampreys. Journal of Zoology 226:1-30. 
 
Potter IC, Percy LR, Youson JH. 1978. A proposal for the adaptive significance of the 
development of the lamprey fat column. Acta Zoologica 59:63-67. 
 
Regnault S, Hutchinson JR, Jones MEH. 2017. Sesamoid bones in tuatara (Sphenodon punctatus) 
investigated with x-ray microtomography, and implications for sesamoid evolution in 
Lepidosauria. Journal of Morphology 278:62-72. 
146 
Robson P, Wright GM, Sitarz E, Maiti A, Rawat M, Youson JH, Keeley FW. 1993. 
Characterization of lamprin, an unusual matrix protein from lamprey cartilage. Journal of 
Biological Chemistry 268:1440-1447. 
 
Robson P, Wright GM, Youson JH, Keeley FW. 1997. A family of non-collagen-based cartilages 
in the skeleton of the sea lamprey, Petromyzon marinus. Comparative Biochemistry and 
Physiology 118B:71-78. 
 
Robson P, Wright GM, Youson JH, Keeley FW. 2000. The structure and organization of lamprin 
genes: multiple-copy genes with alternative splicing and convergent evolution with insect 
structural proteins. Molecular Biology and Evolution 17:1739-1752. 
 
Rodríguez-Alonso R, Megías M, Pombal MA, Molist P. 2017. Morphological and functional 
aspects of the epidermis of the sea lamprey Petromyzon marinus throughout 
development. Journal of Fish Biology 91:80-100. 
 
Roughley PJ. 2006. The structure and function of cartilage proteoglycans. European Cells and 
Materials 12:92-101. 
 
Sage H, Gray WR. 1979. Studies on the evolution of elastin-I. Phylogenetic distribution. 
Comparative Biochemistry and Physiology 64B:313-327. 
 
Sage H, Gray WR. 1980. Studies on the evolution of elastin-II. Histology. Comparative 
Biochemistry and Physiology 66B:13-22. 
 
Satō M. 1982. Fine structure of mucous cells in the skin epidermis of the Arctic Lamprey, 
Lampetra japonica. Japanese Journal of Ichthyology 29:69-76. 
 
Scapinelli R. 1963. Sesamoid bones in the ligamentum nuchae of man. Journal of Anatomy 
97:417-422. 
 
Schinko I, Potter IC, Welsch U, Debbage P. 1992. Structure and development of the notochord 
'elastica externa' and nearby components of the elastic fibre system of agnathans. Acta 
Zoologica 73:57-66. 
 
Schmitz RJ. 1995. Ultrastructure and function of cellular components of the intercentral joint in 
the percoid vertebral column. Journal of Morphology 226:1-24. 
 
Schmitz RJ. 1998. Comparative ultrastructure of the cellular components of the unconstricted 
notochord in the sturgeon and the lungfish. Journal of Morphology 236:75-104. 
 
Schwarz W. 1961. Elektronenmikroskopische Untersuchungen an den Chordazellen von 
Petromyzon. Zeitschrift für Zellforschung und Mikroskopische Anatomie 55:597-609. 
 
147 
Sheren SB, Eikenberry EF, Broek DL, van der Rest M, Doering T, Kelly J, Hardt T, Brodsky B. 
1986. Type II collagen of lamprey. Comparative Biochemistry and Physiology Part B: 
Biochemistry and Molecular Biology 85:5-14. 
 
Shoulders MD, Raines RT. 2009. Collagen structure and stability. Annual Review of 
Biochemistry 78:929-958. 
 
Strenger A. 1965. Cyclostomata. In: von Bertalanffy L, Gessner F, editors. Handbuch der 
Biologie. Konstanz: Akademische Verlagsgesellschaft. p 499-514. 
 
Studnička FK. 1909. Vergleichende Untersuchungen über die Epidermis der Vertebraten. 
Anatomie Entwicklungsgeschichte 39:1-267. 
 
Summers A, Koob T. 2002. The evolution of tendon: morphology and material properties. 
Comparative Biochemistry and Physiology 133A:1159-1170. 
 
Syme DA. 2006. Functional properties of skeletal muscle. In: Shadwick RE, Lauder GV, editors. 
Fish Biomechanics. London: Academic Press. p 179-240. 
 
Teräväinen H. 1971. Anatomical and physiological studies on muscles of the lamprey. Journal of 
Neurophysiology 34:954-973. 
 
Vogel F. 2000. Vergleichend-anatomische Untersuchungen am Lokomotionsapparat agnather 
Wirbeltiere. Ph.D. Dissertation. Eberhard-Karls-Universität, Tübingen. 
 
Vogel F, Gemballa S. 2000. Locomotory design of 'cyclostome' fishes: Spatial arrangement and 
architecture of myosepta and lamellae. Acta Zoologica 81:267-283. 
 
Vogel S. 2013. Comparative Biomechanics: Life's Physical World, 2nd ed. Princeton, NJ: 
Princeton University Press. 
 
Welsch U, Potter IC. 1994. Variability in the presence of elastic fibre-like structures in the 
ventral aorta of agnathans (hagfishes and lampreys). Acta Zoologica 75:323-327. 
 
Welsch U, Chiba A, Honma Y. 1998. The notochord. In: Jørgensen JM, Lomholt JP, Weber RE, 
Malte H, editors. The Biology of Hagfishes. London: Chapman and Hall. p 145-159. 
 
Welsch U, Erlinger R, Potter IC. 1991. Proteoglycans in the notochord sheath of lampreys. Acta 
Histochemica 91:59-65. 
 
Whitear M. 1984. Epidermis. In: Bereiter-Hahn J, Matoltsy AG, Richards KS, editors. Biology 
of the Integument 2: Vertebrates. Berlin, GE: Springer-Verlag. p 8-38. 
 
Whiting HP. 1972. Cranial anatomy of the Ostracoderms in relation to the organisation of larval 
lampreys. In: Joysey KA, editor. Studies in Vertebrate Evolution. London: Oliver and 
Boyd. p 1-19. 
148 
Willemse JJ. 1966. Functional anatomy of the myosepta in fishes. Koninklijke Nederlandse 
Akademie van Weteschappen-Proceedings Series C-Biological and Medical Sciences 
69C:58-63. 
 
Willemse JJ. 1972. Arrangement of connective tissue fibres in the musculus lateralis of the Spiny 
Dogfish, Squalus acanthias L. (Chondrichthyes). Zeitschrift für Morphologie der Tiere 
72:231-244. 
 
Wright GM. 1984. Structure of the conus arteriosus and ventral aorta in the sea lamprey, 
Petromyzon marinus, and the Atlantic hagfish, Myxine glutinosa: microfibrils, a major 
component. Canadian Journal of Zoology 62:2445-2456. 
 
Wright GM. 1986. Immunocytochemical study of fibronectin in the sea lamprey, Petromyzon 
marinus, and the Atlantic hagfish, Myxine glutinosa. Cell and Tissue Research 244:549-
555. 
 
Wright GM, Keeley FW. 2001. The cartilaginous skeleton of the sea lamprey: A family of non-
collagen based cartilages. In: Dutta HM, Munshi JSD, editors. Vertebrate Functional 
Morphology: Horizon of Research in the 21st Century. Enfield, New Hampshire: Science 
Publishers, Inc. 
 
Wright GM, Keeley FW, Youson JH. 1983. Lamprin: a new vertebrate protein comprising the 
major structural protein of adult lamprey cartilage. Experientia 39:495-497. 
 
Wright GM, Keeley FW, Robson P. 2001. The unusual cartilaginous tissues of jawless craniates, 
cephalochordates and invertebrates. Cell Tissue Research 304:165-174. 
 
Youson JH, Lee J, Potter IC. 1979. The distribution of fat in larval, metamorphosing, and young 
adult anadromous sea lampreys, Petromyzon marinus L. Canadian Journal of Zoology 
57:237-246. 
 
Zaccone G, Howie AJ, Mauceri A, Fasulo S, Lo Cascio P, Youson JH. 1995. Distribution 
patterns of cytokeratins in epidermis and horny teeth of the adult sea lamprey, 
Petromyzon marinus. Folia Histochemica et Cytobiologica 33:69-75. 
 
Zhang G. 2007. Evolution of vertebrate cartilage development. Ph.D. Dissertation. University of 
Florida. 
 
Zhang G. 2009. An evo-devo view on the origin of the backbone: evolutionary development of 
the vertebrae. Integrative and Comparative Biology 49:178-186. 
 
Zhang G, Miyamoto MM, Cohn MJ. 2006. Lamprey type II collagen and Sox9 reveal an ancient 
origin of the vertebrate collagenous skeleton. PNAS 103:3180-3185. 
 
 
  
149 
 The Functional Morphology of the Skeleto-Muscular System of Sea 
Lampreys (Petromyzon marinus) 
 
 Introduction 
 
The biomechanics of fish locomotion has been of long-standing interest to biologists (e.g., 
Alexander 1983b; Lauder 2006, 2015), who have focused on the hydrodynamics of swimming of 
fishes (Gray 1933; Lighthill 1969; Lindsey 1978; Gillis 1996) and on the physiology and 
neurobiology of fish muscle (e.g., Nursall 1956; Bone 1978; Johnston 1983; Williams et al. 
1989; Grillner et al. 1998; Altringham and Ellerby 1999; Syme 2006). However, the shear 
complexity of the skeleto-muscular system (i.e., the configuration of the myosepta and 
myomeres) of cartilaginous and bony fishes has been challenging for acquiring the 
morphological data necessary for an integrated biomechanical analysis of fish locomotion. Thus, 
only selected aspects of piscine gnathostome morphology have been studied (e.g., Gemballa and 
Vogel 2002) or have been modeled with computational simulations (e.g., Long et al. 2002a).     
The morphology of lampreys, with a fibrous non-mineralized skeleton, a simpler 
configuration of myosepta and myomeres and without jaws and paired fins may be a less 
complex system for studying the biomechanics of fish locomotion (Marinelli and Strenger 1954; 
Vogel and Gemballa 2000; Homberger and Walker 2004; Kardong 2009). However, early 
studies of lamprey morphology were descriptive without functional interpretation. In the 19th 
century, morphology was described only at a basic level (e.g., Lacépède 1798; Duméril 1812; 
Cuvier 1834; Owen 1866; Grenacher 1867; Maurer 1894). Later, Marinelli and Strenger (1954) 
provided a more comprehensive description mainly of the head. Recent studies of lamprey 
morphology focused on particular structures. For example, Grillner and Wallén (1984) analyzed 
the neurobiology of the spinal cord; Potter and Welsch (1992) analyzed the connective tissue 
fibers of the trunk by immunohistology; and Vogel and Gemballa (2000) analyzed the 
connective tissue fibers of the myosepta. Thus, the previous observations need to be 
complemented with missing data to develop a satisfactory model to explain the locomotion of 
lampreys.  
This study is designed to provide a comprehensive morphological, functional and 
biomechanical analysis of the lamprey trunk by using multiple approaches (e.g., microdissection, 
histology, and 3D imaging and modeling), which serves as basis for developing structural and 
biomechanical models of the skeleto-muscular system to mechanistically explain the locomotion 
and behaviors of lampreys.  
 
  Materials, Methods, and Anatomical Terminology 
 
  Materials 
 
Three Sea Lamprey (Petromyzon marinus) specimens (DGHLAMP003, female, ca. 480 mm 
long, 40 mm tall, 30 mm wide; DGHLAMP004, female, ca. 485 mm long, 42 mm tall, 32 mm 
wide; DGHLAMP017, female, ca. 470 mm long, 38 mm tall, 30 mm wide), probably from the 
North American Great Lakes population, were purchased from Carolina Biological Supply 
Company, Burlington, NC. DGHLAMP004 was used for histological analysis. DGHLAMP003 
and DGHLAMP017 were used for mesoscopic analysis.  
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 Six post-spawning Sea Lamprey specimens (DGHLAMP007, female, ca. 610 mm long, 
46 mm tall, 46 mm tall; DGHLAMP008, female, ca. 690 mm long, 60 mm tall, 45 mm wide; 
DGHLAMP009 male, ca. 600 mm length, 59 mm tall, 45 mm wide; DGHLAMP016, female, ca. 
590 mm length, 51 mm tall, 40 mm wide; DGHLAMP020, female, ca. 560 mm long, 40 mm tall, 
30 mm wide; DGHLAMP022, male, ca. 660 mm long, 50 mm tall, 40 mm wide) were collected 
from the Fort River, a tributary of the Connecticut River, near Amherst, MA, under 
Massachusetts Fish & Wildlife Scientific Collection Permit # 105.165CF to Dr. Boyd E. Kynard. 
Although naturally near death, they were euthanized with an overdose of clove oil, which 
minimizes stress and suffering of aquatic vertebrates (Mitchell 2009; Davis et al. 2015). They 
were then fixed in a 4% unbuffered formalin solution for approximately seven days before being 
stored in a 1% 2-phenoxyethanol solution. DGHLAMP009 and DGHLAMP016 were used for 
histological analysis. DGHLAMP007, DGHLAMP020, and DGHLAMP022 were used for 
mesoscopic analysis. DGHLAMP008 was scanned by MRI.  
 Two Sea Lamprey specimens (DGHLAMP002; DGHLAMP018, male, trunk segment; 
DGHLAMP019, female, trunk segment) were acquired from the Comparative Anatomy 
Collection. These specimens were used for mesoscopic analysis. 
 
  Methods 
 
  Mesoscopic Analysis 
 
Microdissection of DGHLAMP002, DGHLAMP003, DGHLAMP007, DGHLAMP017, 
DGHLAMP018, DGHLAMP019, and DGHLAMP022 was performed with watchmaker’s 
forceps under a Leica MZ75 stereomicroscope fitted with a fiber optic ring light and polarizing 
filter. Digital images were taken with a SPOT Insight Firewire camera mounted on a Leica MZ6 
stereomicroscope placed on a TMC MICRO-g vibration isolation table, captured with Spot 5.2 
and Helicon Focus 6 Software for extended depth of field images, and processed with 
Photoshop®.  
 Cross-sections of the trunk of DGHLAMP020 were scanned on an HP Scanjet G4050. 
 
  Histological Analysis 
 
Histology was performed at the laboratories of Morphisto GmbH, Frankfurt-Main, Germany. All 
samples were immersed in fresh 4% formalin for several days, rinsed in distilled water for one to 
two days, dehydrated in an ethanol series, and moved to isopropanol before being cleared in 
xylene and embedded in paraffin wax following standard protocols (e.g., Carson and Hladik 
2009). A trunk section of DGHLAMP009 was sectioned at 25 μm on a Leica PolyCut S 
Automatic Large Section Microtome. A trunk section from DGHLAMP004, from 
DGHLAMP009, and from DGHLAMP016 was sub-divided into smaller segments for sectioning 
at different orientations (i.e., horizontal, transverse, and parasagittal) at 10 μm on a Leica 2065 
Automatic Microtome. Serial sections were made in order to follow fiber directions and to 
reconstruct structures in 3D. The sections were stained with Movat Pentachrome after Verhöff 
(Verhöff 1908; Garvey et al. 1986), Ladewig’s Trichrome, Masson Trichrome with aniline blue, 
or Azan after Geidies (Geidies 1954) with a Leica ST5020 Automatic Stainer (Table 7.1). Stains 
were made fresh daily and monitored for quality and consistency by certified technicians 
working at Morphisto GmbH. Histological sections were analyzed and imaged with a Moticam 
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5.0 mounted on a Labomed Lx 500 microscope. Large images were stitched together with 
Microsoft Image Composite Editor. 
The staining results of some lamprey tissues differed from those of mammal tissues 
(Carson and Hladik, 2009) (Table 7.2).  
 
Table 7.1. Stains used for histological analysis 
Stain Components of the Stains (German Terms) 
Azan after Geidies Nuclear fast red solution (Kernechtrot) 
Phosphotungstic acid (Phosphor-Wolframsäure) 
Acetic acid (Essigsäure) 
Aniline blue-Orange G-Acetic acids (Anilinblau-Orange-G-Essigsäure) 
Ladewig Trichrome Weigert’s stock solution (Weigert Gebrauchslösung) 
Phosphotungstic acid (Phosphor-Wolframsäure) 
Acetic acid (Essigsäure)  
Ladewig solution (Ladewig Lösung) 
Masson Trichrome 
with aniline blue 
Weigert’s stock solution 
Picric acid alcoholic solution 
Ponceau acid fuchsine according to Mallory 
Phosphomolybdic acid solution 
Masson aniline blue 
Movat Pentachrome 
after Verhöff 
Acetic acid (Essigsäure) 
Alcian blue (Alcian blau) 
Verhöff’s staining solution (Verhöff’s Färbelösung) 
Iron chloride (Eisen chlorid) 
Brillant crocein acid fuchsine (Brillant Crocein-Säurefuchsin) 
Phosphotungstic acid (Phosphor-Wolframsäure) 
Saffron (Safron du Gatinais) 
 
 MRI Scanning 
 
Specimen DGHLAMP008 was scanned with a GE Discovery MR750w 3T MRI scanner and an 
8-channel wrist coil at the Pennington Biomedical Research Center in Baton Rouge, Louisiana. 
The specimen was stabilized with foam supports to prevent movements during scanning. 2D and 
3D MRI scans were acquired in two magnetization modalities: T1-weighted and T2-weighted.  
Two 2D MRI scans (one for each magnetization modality) were acquired in the 
horizontal (xz) reference plane with a field of view (FOV) of 150 mm x 90 mm and an image 
matrix of 384 x 256 for a total of 41 slices with a thickness of 1.5 mm and no space between 
adjacent slices. The resulting datasets had a voxel size (x, y, z) of 0.293 mm x 1.5 mm x 0.293 
mm and a pixel size (x, z) of 0.293 mm x 0.293 mm in the horizontal reference plane, a pixel size 
(x, y) of 0.293 mm x 1.5 mm in the transverse plane, and a pixel size (y, z) of 1.5 mm x 0.293 
mm in the sagittal plane. The parameters of the two scans were: (A) A T1-weighted 2D MRI 
scan with a fast spin echo (FSE-XL) sequence, a repetition time (TR) of 603 ms, an echo time 
(TE) of 8.3 ms, and a scanning time of ca. 3.5 min. (B) A T2-weighted 2D MRI scan with a fast 
recovery fast spin echo (FRFSE-XL) sequence, a TR of 3100 ms, a TE of 99.4 ms, and a 
scanning time of ca. 4.5 min.  
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Two 3D MRI scans (one for each magnetization modality) were acquired in the 
transverse (xy) reference plane, each with an FOV of 130 mm x 78 mm for a total of 256 slices 
with a thickness of 1.2 mm and an overlap of 0.6 mm between adjacent slices. The resulting 
 
Table 7.2. Comparison of staining results of mammal and lamprey tissues 
Stain 
 
 
Structure 
Azan after Geidies   Ladewig 
Trichrome  
Masson Trichrome 
with aniline blue 
Movat 
Pentachrome after 
Verhöff 
Mammal Lamprey  Mammal Lamprey Mammal Lamprey Mammal Lamprey 
Collagen Blue Blue  Blue Blue, 
purple, 
and red* 
Blue Blue and 
red* 
Yellow Yellow 
and red* 
Elastin        Black  
Reticular 
fibers 
       Yellow Yellow 
Muscle Orange Dark 
orange 
and 
blue* 
 Orange Blue Red Red Red Red 
Mucin      Blue Blue Blue Blue 
Nuclei Bright 
red 
  Dark 
blue 
Purple Black Red Black Red and 
purple* 
Erythrocytes Orange Orange  Orange Orange Red Red   
Cytoplasm    Red Red Red Red   
* Polychromatic staining may indicate the presence of multiple reactive molecules. 
 
datasets had a voxel size (x, y, z) of 0.2539 mm x 0.2539 mm x 0.6 mm and, thus, a pixel size (x, 
y) of 0.2539 mm x 0.2539 mm in the transverse reference plane, a pixel size (y, z) of 0.2539 mm 
x 0.6 mm in the sagittal plane, and a pixel size (x, z) of 0.2539 mm x 0.6 mm in the horizontal 
plane. The parameters of the two scans were: (A) A T1-weighted 3D MRI scan with a fast 
spoiled gradient echo (FSPGR) sequence, a TR of 8 ms, a TE of 3.9 ms, an image matrix of 288 
x 288, and a scanning time of ca. 8 min. (B) A T2-weighted 3D MRI scan using a GE CUBE 
sequence with a TR of 1800 ms, a TE of 108 ms, an image matrix of 256 x 256, and a scanning 
time of ca. 10 min. Additional details on MRI scanning procedure can be found in Wood et al. 
(2018) (see Chapter 3). 
 
  3D Visualization and Modeling 
 
The software Avizo® 9.2 (Thermo Fisher Scientific 2017) was used to visualize the MRI data 
and serial histological sections and to create a realistic 3D model of the trunk musculature of a 
Sea Lamprey. Additional details on MRI scanning procedure can be found in Wood et al. (2018) 
(see Chapter 3). 
 
 Anatomical Terminology 
 
Newly described anatomical structures were named using scientific terminology or adapted from 
anatomical terminology used in Marinelli and Strenger (1954), Nybakken (1959), Simpson 
(1963), Nomina Anatomica Veterinaria (2017), Nomina Embryologica Veterinaria (2017), and 
Nomina Histologica Veterinaria (2017) (see Table 7.3).  
153 
Table 7.3. Anatomical terminology 
Abbr. Latin Term English 
Equivalent 
References Synonyms 
A Arteria Artery  This publication  
Aa Arteria periaxialis Periaxial artery This publication  
Ad Arteria dermalis Dermal artery This publication  
Ah Arteria hypodermalis Hypodermal artery This publication  
Am Arteria perimysialis Perimysial artery This publication  
As Arteria myoseptalis Myoseptal artery This publication  
Av Arteria perivisceralis Perivisceral artery This publication  
AO Aorta dorsalis Dorsal aorta This publication  
AR Arcuale neurale (pl. 
-ia) 
Arcuale, pl. 
Arcualia 
Marinelli and 
Strenger (1954) 
 
C Cellula (pl. -ae) Cell(s) This publication  
Ca Cellula adiposa Adipose cell This publication  
 
Adipocytus 
(Nomina 
Histologica 
Veterinaria 2017)   
Ce Cellula rubra  Erythrocyte This publication  Erythrocytus 
(Nomina 
Histologica 
Veterinaria 2017) 
Cfb Cellula fibroblastosa  Fibroblast cell This publication  Fibroblastocytus 
(Nomina 
Histologica 
Veterinaria 2017) 
Cfl Cellula filamentosa Skein cells This publication  
Cg Cellula granulosa 
 
Granular cells This publication  Granulocytus 
(Nomina 
Histologica 
Veterinaria 2017) 
Cm Cellula mucosa 
 
Mucous cells This publication  Exocrinocytus 
mucosus 
(Nomina 
Histologica 
Veterinaria 2017) 
Cne Cellula 
notochordalis 
epithelialis 
Epithelial cells of 
the notochord 
This publication  
Cnv Cellula 
notochordalis 
vacuolata 
Vacuolated cells of 
the notochord 
This publication  
(table cont’d.) 
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Abbr. Latin Term English 
Equivalent 
References Synonyms 
Cp Cellula pigmentosa  
 
Melanocyte  This publication  Melanocytus 
(Nomina 
Histologica 
Veterinaria 2017)   
CL Columna adiposa Fat column This publication  
CLa Apex tunicae 
fibrosae columnae 
adiposae 
Apex of the wall of 
the fat column 
This publication  
CLm Medulla columnae 
adiposae 
Medulla of the fat 
column 
This publication  
CLp Tunica fibrosa 
columnae adiposae 
Fibrous tunic of the 
fat column 
This publication  
CLr Recessus columnae 
adiposae 
Recess of the fat 
column 
This publication  
CO Coeloma Coelom, coelomic 
cavity 
Nomina 
Embryologica 
Veterinaria 
(2017) 
 
COp Paries coelomae Wall of the coelom This publication  
CU Cuticula  Cuticle This publication  
D Dermis Dermis This publication  
Dp Stratum profundum 
dermidis 
Deep layer of the 
dermis 
This publication  
Ds Stratum superficiale 
dermidis 
Superficial layer of 
the dermis 
This publication  
E Epidermis Epidermis This publication  
EM Endomysium Endomysium This publication  
F Fasciculus Fascicle, fiber 
bundle 
This publication  
Fa Fasciculus 
periaxialis 
Periaxial fiber 
bundles 
This publication  
Fd Fasciculus dermis Dermal fiber 
bundles 
This publication  
Fdr Fasciculus dermis 
radialis 
Radial dermal 
fiber bundles 
This publication  
Fh Fasciculus 
hypodermidis 
Hypodermal fiber 
bundles 
This publication  
Fm Fasciculus perimysii Perimysial fiber 
bundles 
This publication  
Fv Fasciculus 
perivisceralis 
Perivisceral fiber 
bundles 
This publication  
FA Fascia Fascia This publication  
(table cont’d.) 
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Abbr. Latin Term English 
Equivalent 
References Synonyms 
FAa Fascia periaxialis Periaxial fascia This publication  
FAm Fascia perimysialis Perimysial fascia This publication Fachsepten 
(Pietschmann 
1962); horizontal 
septa (Hardisty 
and Rovainen, 
1982); lamellae 
(Vogel and 
Gemballa, 2000) 
FAv Fascia perivisceralis Perivisceral fascia  This publication  
H Hypodermis Hypodermis This publication  
Hp Stratum profundum 
hypodermidis 
Deep layer of the 
hypodermis 
This publication  
Hs Stratum superficiale 
hypodermidis 
Superficial layer of 
the hypodermis 
This publication  
HE Hepar Liver This publication  
Ld Ligamentum 
longitudinale dorsale  
Dorsal 
longitudinal 
ligament 
This publication  
Lp Ligamentum 
perimysiale 
Perimysial 
ligament 
This publication  
Ls Ligamentum laterale 
spinale 
Lateral spinal 
ligament 
Kappers (1925)  
M Musculus Muscle This publication  
Mc Musculi centrales Central muscle 
fibers 
This publication  
Ml Lamina muscularis  Muscle lamina This publication Muskelkästchen 
(Stannius 1854; 
Maurer 1894); 
muscle blocks 
(Hardisty and 
Rovainen 1982) 
Mp Musculi parietales Parietal muscle 
fibers 
This publication  
Mt Musculus truncalis Trunk muscle This publication Musculus 
lateralis (Cuvier 
1802); Musculus 
parietalis 
(Marinelli and 
Strenger 1954) 
MB Membrana basalis Basement 
membrane 
This publication  
MD Medulla spinalis Spinal cord This publication  
(table cont’d.) 
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Abbr. Latin Term English 
Equivalent 
References Synonyms 
ME Meninx Meninges This publication  
MEe Meninx externa Ectomeninx  Kappers (1925)  
MEm Meninx intermedia Intermeningeal 
tissue 
Kappers (1925)  
MEn Meninx interna Endomeninx  Kappers (1925)  
MM Myomere Myomere This publication Myocommata 
(Owen 1866) 
MS Myoseptum Myoseptum  This publication;  Myocommata 
(Wiedersheim 
1883) 
MSd Terminus dorsalis 
myosepti 
Dorsal terminus of 
a myoseptum 
This publication  
MSv Terminus ventralis 
myosepti 
Ventral terminus 
of a myoseptum 
This publication  
N Neurofibra 
peripherica 
Peripheral nerve 
fiber 
Nomina 
Histologica 
Veterinaria 
(2017) 
 
NC Notochorda Notochord Nomina 
Embryologica 
Veterinaria 
(2017) 
 
NCl Lamina 
perinotochordalis 
Elastica externa of 
the notochord 
This publication  
NCs Filum notochordalis Notochord string This publication  
NCv Vagina notochordalis  Notochord sheath Nomina 
Embryologica 
Veterinaria 
(2017) 
 
NU Nucleus  Cell nucleus  This publication  
O Ovarium Ovary This publication  
R Ren Kidney  This publication  
S Septum verticale 
dorsale 
Dorsal vertical 
septum 
This publication  
Tf Tendo myoseptalis 
centrifugalis 
Centrifugal 
myoseptal tendon 
This publication  
Tm Tendo intermuscularis Intermuscular 
tendon 
This publication  
Tp Tendo myoseptalis 
centripitalis 
Centripetal 
myoseptal tendon 
This publication  
Ts Tendo myoseptalis Myoseptal tendon This publication  
TE Testis Male gonads This publication  
(table cont’d.) 
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Abbr. Latin Term English 
Equivalent 
References Synonyms 
Va Vena periaxialis Periaxial vein This publication  
Vd Vena cardinalis 
posterior dextra 
Right posterior 
common cardinal 
vein 
This publication  
Vs Vena cardinalis 
posterior sinistra 
Left posterior 
common cardinal 
vein 
This publication  
VS Vas sanguineum Blood vessel This publication  
 
   Results 
 
 Overview of the Skeleto-Muscular System 
 
The body of lampreys can be subdivided into three regions based on external anatomical 
landmarks (Hardisty 1986): The head extends from the mouth, or buccal funnel, to the caudal 
edge of last gill pore; the trunk extends from the caudal edge of the last gill pore to the cloaca 
and bears the first dorsal fin; and the tail extends from the cloaca to the caudal fin and bears the 
second dorsal fin (Fig. 7.1). Reproductively mature males possess a thickened mid-dorsal ridge 
called the rope (Fig. 7.2).   
Beneath the integument, the paired trunk muscle (Musculus truncalis) extends from the 
head to the tail of the body and encloses the axial organs. It is segmented into a series of 
myomeres, which are demarcated by connective tissue myosepta (Figs. 7.3; 7.4). Each myomere 
is further subdivided dorso-ventrally into discrete stacks of muscular layers or laminae (Lamina 
muscularis) by perimysial fascia (Fascia perimysialis) (Fig. 7.5). Each muscle lamina contains 
Figure 7.1. Video screenshots of a Sea Lamprey (Petromyzon marinus; Video #00014, June 9, 
2016) in a flume to show the external anatomy and the major subdivisions of the body. Cranial is 
to the left. (A) Lateral view. (B) Ventral view.   
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two identifiable muscle fiber types: A multilayered core of central fibers (Mm. centrales), which 
are bordered dorsally, ventrally, and laterally by a single layer of parietal fibers (Mm. parietales) 
(Fig. 7.5B, C). The muscle fibers attach to tendons within the myosepta [i.e., intermuscular 
tendons (Tendo intermuscularis) and myoseptal tendons (Tendo myoseptalis)]. The axial organs 
include the dorsal vertical septum (Septum verticale dorsale), fat column (Columna adiposa), the 
spinal cord (Medulla spinalis), the notochord (Notochorda), and the coelom (Coeloma) (Figs. 
7.3; 7.4; 7.6). These axial structures are enveloped by periaxial and perivisceral fasciae (Fascia 
periaxialis and Fascia perivisceralis) (Figs. 7.4; 7.6; 7.7).  
 
Figure 7.2. Mesoscopic images of the intact trunk of a Sea Lamprey (Petromyzon marinus; 
DGHLAMP022). Cranial is to the left. (A) Dorsal view. Dotted line is the mid-dorsal line. (B) 
Lateral view. Dotted line is the mid-lateral line. (B) Ventral view. Dotted line is the mid-ventral 
line. 
(figure cont’d.) 
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The perimysial, periaxial and perivisceral fasciae together with the myosepta, the dorsal 
longitudinal ligament (Ligamentum longitudinale dorsale), and the cartilaginous arcualia form a 
fibroskeleton that extends from the skin to the axial organs and pervades and supports the 
musculature of the trunk. The fibroskeleton is anchored peripherally to the dermis and centrally 
to the axial organs (Figs. 7.4; 7.6). These connective tissue structures concatenate into a fibrous 
scaffold that supports the trunk musculature and the axial organs and, therefore, maintains the 
structural integrity of the trunk as a whole (Figs. 7.5; 7.6; 7.7).  
Each component of the integument, fibroskeleton, musculature, and axial organs is 
described in detail before synthesized into a description of the whole.   
 
 The Integument 
 
The integument can be subdivided into three layers: The epidermis, the dermis, and the 
hypodermis (Figs. 7.4; 7.6; 7.8).  
 
 The Epidermis 
 
The scaleless epidermis covers the trunk as a transparent generally smooth layer (Fig. 7.2). The 
epidermis is easily scratched away in preserved specimens. 
The epidermis is bounded by a thin superficial cuticle (Cuticula) and the basement 
membrane (Membrana basalis) (Fig. 7.9).  
Three types of cells were identified within the epidermis: Mucous cell (Cellula mucosa), 
granular cell (Cellula granulosa), and skein cell (Cellula filamentosa). 
Mucous cells are the smallest and most numerous cells of the epidermis (Figs. 7.9; 7.10). 
Where the epidermis is located above a wrinkled basement membrane, they are distributed in 
layers that are stacked six to eight cells deep from the basement membrane to the cuticle (Fig. 
7.10; 7.11). Where the epidermis is located above a smooth basement membrane, the mucous 
cells are stacked in fewer layers and near the basement are less tightly packed and more spherical 
(Fig. 7.11). Mucous cells near the basement membrane are packed tightly, laterally compressed, 
and their cytoplasm and nuclei stain the same hue. Towards the cuticle, the mucous cells become 
larger and less crowded and their cytoplasm and nuclei increasingly differ in color as the 
cytoplasm assumes the hue of the cuticle.  
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Granular cells are less numerous than the mucous cells and occupy the upper layers of the 
epidermis directly beneath the cuticle or one or two mucous cell layers deeper (Figs. 7.9; 7.10). 
They are spherical and approximately three to four times larger than the mucous cells. They are 
identified by a granular cytoplasm and a central nucleus.  
Skein cells are interspersed amongst the mucous cells as solitary cells and are the largest 
cells in the epidermis (Figs. 7.9; 7.10). Unlike granular cells, single skein cells traverse the entire 
the epidermis from the basement membrane to the epidermal surface. Within a skein cell are 
helically coiled filaments and a pair of nuclei that are located at the apical end of the cell. 
The variously wrinkled or smooth appearance of the basement membrane in the 
histological sections (Figs. 7.8; 7.11) indicates different degrees of stretch of the epidermis. A 
smooth basement membrane likely indicates that the epidermis was stretched prior to fixation, 
whereas a wrinkled basement membrane likely indicates that the epidermis was relaxed. Hence,  
Figure 7.3. Diagram of the trunk of a lamprey. Cranial is to the left. Letters: A = dorsal aorta 
(Aorta dorsalis); CL = fat column (Columna adiposa); CO = Coelom (Coeloma); D = dermis; E 
= epidermis; HE = liver; Ld = dorsal longitudinal ligament (Ligamentum longitudinale dorsale); 
MD = spinal cord (Medulla spinalis); MEe = ectomeninx (Meninx externa); MM = myomere; 
MS = myoseptum; N = spinal nerve (Neurofibra peripherica); NC = notochord (Notochorda); 
NCv = notochordal sheath (Vagina notochordalis); R = kidney (Ren); Vd = Right posterior 
common cardinal vein (Vena cardinalis posterior dextra). Modified from Wood et al. (2018). 
Redrawn from Peters and Mackay (1961). 
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Figure 7.4. Mesoscopic transverse section through the entire trunk of a Sea Lamprey 
(Petromyzon marinus; DGHLAMP020). Letters: AO = dorsal aorta (Arteria dorsalis); CL = fat 
(caption cont’d.) 
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column (Columna adiposa); CO = coelomic cavity (Coeloma); COp = wall of the coelom 
(Coeloma parietalis) D = dermis; E = epidermis; FAa = periaxial fascia (Fascia periaxialis); 
FAm = perimysial fascia (Fascia perimysialis); FAv = perivisceral fascia (Fascia perivisceralis); 
HE = liver (Hepar); Ld = dorsal longitudinal ligament (Ligamentum longitudinale); MD = spinal 
cord (Medulla spinalis); MEe = ectomeninx (Meninx externa); MEm = intermeningeal tissue 
(Meninx intermedia); MM = myomere; MS = myoseptum; NC = notochord (Notochorda); NCv 
= notochordal sheath (Vagina notochordalis); S = dorsal vertical septum (Septum verticale); Vd 
= right posterior common cardinal vein (Vena cardinalis posterior dextra); Vs = left posterior 
common cardinal vein (Vena cardinalis posterior sinistra). 
 
the structure of the lamprey epidermis is analogous to that of a transitional epithelium, such as 
the urothelium of the mammal urinary bladder (see Gartner and Hiatt 2007), which is specialized 
for stretching and returning to its original length (Figs. 7.8; 7.11).  
 No pigment or melanocytes (Cellula pigmentosa) were observed within the epidermis. 
Figure 7.5. Cross-section through the trunk musculature to show the subdivision of the 
myomeres into muscle laminae. (A) A photograph of the trunk musculature in a Sea Lamprey 
(Petromyzon marinus; DGHLAMP018). (B) A diagram of a muscle block based on a European 
Brook Lamprey (Lampetra fluviatilis). (C) Close-up view of (A) to show the different muscle 
fiber types within each muscle block. Letters: As = Myoseptal artery (Arteria myoseptalis); D = 
dermis; E = epidermis; FAm = perimysial fascia (Fascia perimysialis); H = hypodermis; Mc = 
central muscle fibers (Musculi centrales); Mp = parietal muscle fibers (Musculi parietales); Ml = 
muscle lamina (Lamina muscularis); MM = myomere; MS = myoseptum. Figure 6.5B modified 
after Vogel and Gemballa (2000). 
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Figure 7.6. Histological transverse section through the entire trunk of a Sea Lamprey 
(Petromyzon marinus; DGHLAMP009). Letters: AO = dorsal aorta (Arteria dorsalis); AR = 
arcualia (Arcus neuralis); CL = fat column (Columna adiposa); CO = coelomic cavity  
(caption cont’d.) 
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(Coeloma); D = dermis; E = epidermis; FAa = periaxial fascia (Fascia periaxialis); FAm = 
perimysial fascia (Fascia perimysialis); FAv = perivisceral fascia (Fascia perivisceralis); H = 
hypodermis; HE = liver (Hepar); Ld = dorsal longitudinal ligament (Ligamentum longitudinale 
dorsale); MD = spinal cord (Medulla spinalis); MEe = ectomeninx (Meninx externa); MM = 
myomere; MS = myoseptum; NC = notochord (Notochorda); NCv = notochordal sheath (Vagina 
notochordalis); R = kidney (Ren); S = dorsal vertical septum (Septum verticale dorsale); Vd = 
right posterior common cardinal vein (Vena cardinalis posterior dextra); Vs = left posterior 
common cardinal vein (Vena cardinalis posterior sinistra). Modified after Wood et al. (2018). 
 
 The Dermis 
 
The dermis underlies the epidermis and comprises collagenous fiber bundles (Fasciculi dermis) 
and melanocytes (Fig. 7.12). It is separated from the epidermis by the basement membrane and 
from the hypodermis by a single layer of presumed fibroblasts (Cellulae fibroblastosae) (Fig. 
7.13). Some fiber bundles stained dichromatically (Fig. 7.8B; Table 7.2), which suggests that 
they comprise more than one molecule. These dichromatic fiber bundles were found throughout 
the dermis and did not reflect a pattern. The dermal collagen fibers of the dermis surround the 
trunk in a helical manner (Fig. 7.14). The dermis can be subdivided into a superficial layer 
(Stratum superficiale dermis), which is characterized by relatively thin and loosely organized 
collagen fiber bundles and is located in the upper one fifth of the dermis, and a deep layer 
(Stratum profundum dermis), which is characterized by thicker and more tightly organized 
collagen fiber bundles (Fig. 7.13). The two layers lack a sharp boundary and cannot be precisely 
demarcated from one another.  
The fiber bundles within the superficial layer arise in alternate orientation from the 
basement membrane, interweave near their origin, and form 5-7 layers of helically arranged fiber 
bundles of alternating orientations (i.e., clockwise versus counterclockwise) around the trunk 
(Fig. 7.15). The interwoven portion of the fiber bundles form a self-supporting meshwork (Fig. 
7.16) that prevents sliding movements among the fibers bundles while allowing changes in the 
angular orientation. Clusters of melanosomes and melanocytes are interspersed amongst the fiber 
bundles primarily in the dorsal half of the body where they cause the mottled external 
appearance of the skin and are part of the counter shaded color pattern of the trunk (Figs. 7.1; 
7.12; 7.13). 
 The deep layer of the dermis comprises tightly organized thick collagen fiber bundles 
within the lower four fifths of the dermis and included fewer melanocytes (Figs. 7.13; 7.17). 
These fiber bundles form 20-25 layers of alternately oriented helical fiber bundles around the 
trunk.  
The fiber angle relative to the long axis of the body is approximately 50° in resting 
position (Fig. 7.17). The deepest layer of helically oriented fiber bundles is bordered by a layer 
of presumed fibroblasts of the underlying hypodermis (Fig. 7.13). Some of the deepest fiber 
bundles of the dermis cross the layer of presumed fibroblasts and enter the hypodermis (Fig. 
7.18). 
Radially oriented fiber bundles (Fasciculi dermidis radiales) cross the helically oriented 
fiber bundles and extend from the basement membrane to the hypodermis (Figs. 7.18; 7.19). 
They arise as smaller bundles from the basement membrane and may be joined by fiber bundles 
from the interweaving portion of the superficial dermal layer to form larger radial bundles. That 
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the basement membrane bulges inwards toward the center of the body where radial fiber bundles 
attach suggests that they are under tension. 
As the radial fiber bundles pass through the dermis, they are continuously joined by 
helically oriented fiber bundles (Fig. 7.20) and also send off smaller fiber bundles to join the 
helical fiber bundles (Fig. 7.21). Occasionally, a large portion of a helical fiber bundle, or even 
an entire helical fiber bundle will leave or join a radial fiber bundle (Fig. 7.22). By exchanging 
fiber bundles with helical fiber bundles, the radial fiber bundles maintain a more or less constant 
diameter as they traverse the dermis.  
Within radial fiber bundles, individual fibers seem to be helically configured based on 
their sinusoidal appearance (Fig. 7.22B).  
Fibroblasts are distributed throughout the dermis (Fig. 7.13) and can be identified by their 
stained nuclei (Fig. 7.23). Their cellular processes are visible where fiber bundles have been 
artificially pulled apart (Fig. 7.24). Blood vessels supply the dermis from the hypodermis (Fig. 
7.25).  
 
 
Figure 7.7. Histological sections (Masson Trichrome with aniline blue) through the trunk of a 
Sea Lamprey (Petromyzon marinus, DGHLAMP004) to show an overview of the trunk anatomy. 
(A) Horizontal section (Scan L2T2CaD-911) at the level of the notochord. (B) Parasagittal 
section (Scan L2T2CrD-281) to show the ribbon-like dorsal portions of three myosepta. Note 
that in this section only the top and bottom of the dorsal portions are shown because they are 
slightly bulging outwards. Symbols: * = dorsal terminus of the myosepta (Terminus dorsalis 
myosepti); Letters: CL = fat column (Columna adiposa); D = dermis; FAa = periaxial fascia 
(Fascia periaxialis); FAm = perimysial fascia (Fascia perimysialis); H = hypodermis; MM = 
myomere; MS = myoseptum; NCl = elastica externa (Lamina perinotochordalis); NCv = 
notochord sheath (Vagina notochordalis). 
(figure cont’d.) 
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  The Hypodermis 
 
The hypodermis underlies the dermis and overlies the skeleto-muscular system (Fig. 7.26). It 
comprises collagenous fiber bundles (Fasciculi hypodermides), melanocytes, and adipocytes and 
is separated from the dermis by a single layer of presumed fibroblasts (Figs. 7.13; 7.18; 7.27). 
The hypodermis can be subdivided into a superficial layer (Stratum superficiale hypodermidis) 
and a deep layer (Stratum profundum hypodermidis) (Fig. 7.27).   
The superficial layer is characterized by layered presumed fibroblasts and receives thick 
fiber bundles from the dermis (Figs. 7.18; 7.28). These fiber bundles support a dense layer of 
melanocytes (Fig. 7.29). The proximity of the melanocytes to the dermis led Marinelli and 
Strenger (1954) to describe them as the Stratum pigmentosum of the dermis. Some of the thick 
fiber bundles branch into smaller bundles that traverse the hypodermis and continue into the 
perimysial fascia and myosepta (Fig. 7.30), whereas others traverse the hypodermis without 
branching and continue into the perimysial fascia and the myosepta (Fig. 7.31).  
The deep layer of the hypodermis is characterized by a loose network of fiber bundles 
that support adipocytes, fibrocytes, and blood vessels (Fig. 7.27). The adipocytes are more 
numerous in the dorsal and ventral regions of the trunk than in the lateral regions and are larger 
and more numerous in pre-spawning Sea Lamprey specimens than in post-spawning ones. The 
deep layer also contains the dorsal longitudinal ligament.   
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 The Dorsal Longitudinal Ligament  
 
The dorsal longitudinal ligament runs within the deep layer of the hypodermis along the mid-
dorsal line above the dorsal vertical septum from the caudal end of the head to the cranial edge of 
the first dorsal fin (Figs. 7.3; 7.6; 7.29A; 7.32; 7.33A-C). It is surrounded by adipocytes (Fig. 
7.33A). The ligament serves as a node with a French braid-like configuration in which dorsal and 
lateral collagenous fiber bundles are collected (Figs. 7.32; 7.34; 7.35; 7.36; 7.37A). The dorsal 
fiber bundles are oriented longitudinally (Fig. 7.38A-D), whereas the lateral ones are coming 
from the helically oriented dermal fiber bundles around the trunk and are longitudinally re-
oriented within the ligament (Figs. 7.36; 7.38E-K). All fiber bundles branch, merge, and 
intertwine (Fig. 7.33D, E). The ligament sends off fiber bundles ventrally into the dorsal vertical 
septum (Figs. 7.32; 7.34B, E; 7.37B), thus anchoring it to the axial organs and also maintaining 
its thickness. Within the ligament, oxytalan fibers are intermixed with the collagenous fibers of 
the ligament (Fig. 7.33D, E).  
 
 
Figure 7.8. Histological serial transverse sections through the skin, hypodermis, and superficial 
musculature in the trunk region of a Sea Lamprey (Petromyzon marinus; DGHLAMP016). On 
the left, the epidermis and the basement membrane are relaxed, whereas on the right beneath the 
scale, they are stretched. (A) Movat Pentachrome after Verhöff (Slide L3Tr-1). (B) Masson 
Trichrome with aniline blue (Slide L3Tr-4). Symbols: ↑ = basement membrane (Membrana 
basalis). Letters: D = dermis; E = epidermis; H = hypodermis; MM = myomere; MS = 
myoseptum. 
(figure cont’d.) 
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 The Skeleto-Muscular System 
 
  The Perimysial Fascia 
 
The thin and radially oriented perimysial fascia subdivides the myomeres into muscle laminae 
(see Section 7.3.1; Figs. 7.5; 7.6; 7.39A). Within the radial perimysial fascia, collagenous 
perimysial fiber bundles (Fasciculi perimysii) run cranio-laterally to caudo-medially from one 
myoseptum to the next. Hence, the perimysial fiber bundles are oriented perpendicularly to the 
myosepta and their myoseptal tendons and obliquely to muscle fibers within the muscle blocks 
(Fig. 7.39B). The perimysial fiber bundles originate from the traversing hypodermal fiber 
bundles (see Section 7.3.2.3; Figs. 7.31A; 7.40A) and run within the perimysial fascia between 
the muscle blocks of the superficial-most myomere to the myoseptum that separates the 
superficial-most myomere from the next deeper one (Fig. 7.39A). Upon entering this 
myoseptum, the perimysial fiber bundles branch into smaller bundles that continue within the 
perimysial fascia of the next deeper myomere (Fig. 7.40B). In this way, the perimysial fiber 
bundles weave from one myomere to the next. After emerging from the perimysial fascia of the 
deepest myomere, the perimysial fiber bundles continue towards the axial organs, occasionally 
forming thicker perimysial ligaments (Ligamenta perimysialia). The perimysial fiber bundles 
and ligaments traverse the periaxial or the perivisceral fasciae and join the dense regular 
connective tissue forming the axial fibrous tunics (Tunicae fibrosae axiales) of the fat column, 
the notochord, and the arcualia, as well as the wall of the vertebral canal and coelom (Figs. 7.6; 
7.41).  
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Figure 7.9. Histological transverse serial sections through the epidermis and the superficial layer 
of the dermis in the trunk region of a Sea Lamprey (Petromyzon marinus; DGHLAMP016). (A) 
Azan after Geidies (Slide L3Tr-6). (B) Ladewig Trichrome (Slide L3Tr-7). (C) Masson 
Trichrome with aniline blue (Slide L3Tr-8). (D) Movat Pentachrome after Verhöff (Slide L3Tr-
9). Symbols: ↑ = basement membrane (Membrana basalis). Letters: Cfl = skein cell (Cellula 
filamentosa); Cg = granular cell (Cellula granulosa); Cm = mucous cell (Cellula mucosa); Cp = 
melanocyte (Cellula pigmentosa); CU = cuticle (Cuticula); D = dermis; E = epidermis. 
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Figure 7.10. Histological transverse section (Slide L3Tr-9, Movat Pentachrome after Verhöff) 
through the epidermis and the superficial layer of the dermis in the trunk region of a Sea 
Lamprey (Petromyzon marinus; DGHLAMP016). Symbols: ↑ = basement membrane 
(Membrana basalis). Letters: Cfl = skein cell (Cellula filamentosa); Cg = granular cell (Cellula 
granulosa); Cm = mucous cell (Cellula mucosa); Cp = melanocyte (Cellula pigmentosa); CU = 
cuticle (Cuticula); D = dermis; E = epidermis; Fd = dermal connective tissue fiber bundle 
(Fasciculus dermidis); NU = cell nucleus. 
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At the level of the dorsal vertical septum, the medio-ventrally oriented perimysial fiber 
bundles and ligaments enter the septum, cross it, continue latero-ventrally to skirt the apex of the 
fibrous tunic of the fat column (Apex tunicae fibrosae columnae adiposae; Fig. 7.42A), and join 
the contralateral side of the fibrous tunic of the fat column (Tunica fibrosa columnae adiposae;  
Figure 7.11. Histological transverse section (Slide L3Tr-3, Ladewig Trichrome) through the 
epidermis and the superficial layer of the dermis in the trunk region of a Sea Lamprey 
(Petromyzon marinus, DGHLAMP016). On the left, the epidermis is relaxed. On the right, the 
epidermis is stretched. Symbols: ↑ = basement membrane (Membrana basalis). Letters: Cfl = 
skein cell (Cellula filamentosa); Cg = granular cell (Cellula granulosa); Cm = mucous cell 
(Cellula mucosa); Cp = melanocyte (Cellula pigmentosa); CU = cuticle (Cuticula); D = dermis; 
E = epidermis; NU = cell nucleus. 
Figure 7.12. Mesoscopic images of an area where the epidermis has been scraped away to reveal 
the underlying dermis in the trunk region of a Sea Lamprey (Petromyzon marinus, 
DGHLAMP022). Cranial is to the left. (A) Dorsal view. (B) Lateral view. (C) Ventral view. 
Letters: D = dermis; E = epidermis. 
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Figure 7.13. Histological transverse section (Slide L3Tr-1, Movat Pentachrome after Verhöff) 
through the epidermis, the dermis, and the hypodermis in the trunk region of a Sea Lamprey 
(Petromyzon marinus, DGHLAMP016). Symbols: ↑ = basement membrane (Membrana basalis). 
Letters: Cfb = presumed fibroblast cell (Cellula fibroblastosa); Cfl = skein cell (Cellula 
filamentosa); Cg = granular cell (Cellula granulosa); Cm = mucous cell (Cellula mucosa); Cp = 
melanocyte (Cellula pigmentosa); CU = cuticle (Cuticula); Dp = deep layer of the dermis 
(Stratum profundum dermidis); Ds = superficial layer of the dermis (Stratum superficiale 
dermidis); E = epidermis; Fd = dermal fiber bundle (Fasciculus dermidis); Fh = hypodermal 
fiber bundle (Fasciculus hypodermidis). 
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Fig. 7.42B).  At the level of the apex of the fibrous tunic of the fat column, the perimysial fiber 
bundles and ligaments from either side of the body crisscross the apex and interweave with one 
another (Figs. 7.42B; 7.43). They then continue to the opposite side by joining the contralateral 
myoseptal tendons (see Section 7.3.3.2) or curve ventrally to join the sides of the fibrous tunic 
(Figs. 7.42B; 7.43). 
At the level of the medulla of the fat column (Medulla columnae adiposae), the 
perimysial fiber bundles and ligaments join the fibrous tunic of the fat column. Some traverse it 
and pass diagonally through its medullary space to join the contralateral side of the ectomeninx 
of the spinal cord, which serves also as the ventral side of the fibrous tunic of the fat column 
(Figs. 7.44; 7.45). From there, some perimysial fibers cross the recess of the fat column 
(Recessus columnae adiposae) to join its fibrous tunic, whereas some others attach to arcualia.     
At the level of the recesses of the fat column, the perimysial fiber bundles and ligaments 
pass diagonally through the fibrous tunic of the fat column and the recess itself to join the 
ipsilateral side of the ectomeninx (Fig. 7.46). From there, some perimysial fiber bundles continue 
to the contralateral side of the ectomeninx and cross the recess of the fat column to join its 
fibrous tunic, whereas some others attach to the arcualia (Fig. 7.47). 
At the level of the arcualia, the perimysial fiber bundles and ligaments attach to the 
lateral side of the arcualia (Fig. 7.48), whereas perimysial fibers from the contralateral side 
attach to the medial side of the arcualia.  
Figure 7.14. Diagram of a lamprey trunk showing the cross-helical fiber orientation of the 
dermis. Letter: Fd = dermal fiber bundle (Fasciculus dermidis). 
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At the level of the notochord, the perimysial fiber bundles and ligaments enter the fibrous 
tunic of the notochord (Tunica fibrosa notochordae). Some of them attach to the elastica externa 
of the notochord (Lamina perinotochordalis; see Section 7.3.4.4; Fig. 7.49) and some others 
continue caudally along the notochord and eventually join myoseptal tendons (see Section 
7.3.3.2; Fig. 7.50B).  
At the level of the coelom, the perimysial fiber bundles and ligaments join the wall of the 
coelom (Fig. 7.51).      
The perimysial fascia supports arteries carrying blood from the dorsal aorta to the 
musculature and integument (Fig. 7.46).   
 
 The Myosepta   
 
The sheet-like fibrous myosepta subdivide the trunk musculature into myomeres (see Section 
7.3.1; Figs. 7.3; 7.6; 7.29). Within the myosepta are collagenous intermuscular and myoseptal 
tendons, perimysial fiber bundles, blood vessels, and adipocytes. The myosepta attach 
peripherally to the hypodermis and follow the outer contour of the trunk, whereas they attach  
 
Figure 7.15. Mesoscopic images of the superficial layer of the dermis in the trunk region of a Sea 
Lamprey (Petromyzon marinus; DGHLAMP022). Cranial is to the left. (A) Light polarized to 
reveal fibers from upper left to lower right of image. (B) Light polarized to reveal fibers from 
upper right to lower left of image. Symbols: Arrows = fiber directions. Letters: Cp = 
melanocytes (Cellula pigmentosa); Fd = dermal fiber bundles (Fasciculus dermidis). 
(figure cont’d.) 
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internally to the axial fibrous tunics and follow the contours of the axial organs. Their peripheral 
attachment is caudal, whereas their internal attachment is cranial (Fig. 7.52).  
Each myoseptum can be dorso-ventrally subdivided into four portions: The dorsal portion 
extends from the dorsal side to the level of the apex of the fibrous tunic of the fat column; the 
periaxial portion extends from there to the level of the dorsal side of the coelomic cavity; the 
perivisceral portion extends along the coelomic cavity; and the ventral portion extends from the 
coelomic cavity to the ventral side. 
 Myosepta twist and curve from dorsal to ventral (Fig. 7.52). Their more ribbon-like 
dorsal portion is slightly bulging outwards (Fig. 7.32) and runs along the dorsal vertical septum 
at a very acute angle (almost parallel) so that its external surface faces laterally. Cranially, it 
narrows to a point [i.e., dorsal terminus of a myoseptum (Terminus dorsalis myosepti)] (Fig. 
7.7B). Caudally, it expands into the more sheet-like periaxial portion, twists gradually so that its 
external surface faces latero-cranially at an acute angle (i.e., ~30°) to the notochord, and thins 
from its internal to the peripheral attachment to the hypodermis (Figs. 7.3; 7.7B). As the 
myoseptum continues ventrally into the perivisceral portion, it twists further so that its external 
surface now faces cranio-laterally at a wider angle (i.e., ~45°) to the notochord. Farther ventrally, 
the myoseptum narrows again into the thin ribbon-like ventral portion, which is slightly bulging 
outwards (Fig. 7.6), spans the short distance between the coelom and hypodermis, and runs at a 
very acute angle (almost parallel) to the mid-ventral line towards its terminus (Terminus 
ventralis myosepti) so that its external surface faces laterally (Fig. 7.52). 
Peripherally, the myosepta are formed by intermuscular tendons composed of tendon 
fibers that they receive from muscle fibers of adjacent myomeres (Figs. 7.29; 7.53; 7.54A; 7.55). 
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In the dorsal portion of a myoseptum near the dorsal vertical septum, the intermuscular tendon 
fibers form dorsal termini of myosepta (Fig. 7.7B). In the ventral portion of a myoseptum near 
the mid-ventral line, the intermuscular tendons cross the mid-ventral line and attach to muscle 
fibers of the contralateral myomeres (Figs. 7.29; 7.56). The intermuscular tendons gain in depth 
and width as they receive more and more tendon fibers in the dorsal and ventral portions of the 
myosepta. 
The myoseptal tendons within the dorsal and periaxial portions of myosepta are oriented 
cranio-medio-ventrally (Fig. 7.54B), whereas those within the perivisceral and ventral portions 
are oriented cranio-medio-dorsally. The myoseptal tendons attach to the muscle fibers of 
adjacent myomeres (Fig. 7.57).  
The myosepta contain two types of myoseptal tendons depending on their origin. 
Centrifugal myoseptal tendons (Tendines myoseptales centrifugales) collect the tendon fibers of 
the muscle fibers on the caudal side of a myomere, run toward the hypodermis and traverse it  
Figure 7.16. Histological sections through the epidermis and the superficial layer of the dermis of 
a Sea Lamprey (Petromyzon marinus, DGHLAMP016). (A) Transverse section (Slide L3Tr-2, 
Azan after Geidies). (B) Parasagittal section (Slide L3Ps-2, Azan after Geidies). Symbols: * = 
fibers running perpendicular to the plane of the page; ↑ = basement membrane (Membrana 
basalis). Letters: Cfl = skein cell (Cellula filamentosa); Cg = granular cell (Cellula granulosa); 
Cm = mucous cell (Cellula mucosa); Cp = melanocyte (Cellula pigmentosa); CU = cuticle 
(Cuticula); Dp = deep layer of the dermis (Stratum profundum dermidis); Ds = superficial layer 
of the dermis (Stratum superficiale dermidis); E = epidermis; Fd = dermal fiber bundle 
(Fasciculus dermidis); Fh = hypodermal fiber bundle (Fasciculus hypodermidis). 
(figure cont’d.) 
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without branching (see Section 7.3.2.3; Fig. 7.31B). In contrast centripetal myoseptal tendons 
(Tendines myoseptales centripetales) collect the tendon fibers of the muscle fibers on the cranial 
side of a myomere, run toward the axial organs, and cross the periaxial and perivisceral fasciae to 
join the axial fibrous tunics (Fig. 7.39B). Both types of myoseptal tendons interweave with the 
perpendicularly oriented perimysial fiber bundles (Figs. 7.40B; 7.58; 7.59).  
At the level of the apex of the fibrous tunic of the fat column, the centripetal myoseptal 
tendons from either side of the body cross to the contralateral side of the apex and interweave 
with one another (Figs. 7.41B; 7.42), and then join the contralateral perimysial fiber bundles and 
ligaments (see Section 7.3.3.1) or curve ventrally to join the sides of the fibrous tunic (Figs. 
7.41B; 7.42).  
At the level of the medulla of the fat column (Medulla columnae adiposae), some 
centripetal myoseptal tendons join the fibrous tunic of the fat column (Fig. 7.60), whereas others 
weave through it and pass diagonally through the medullary space to join the contralateral side of 
the ectomeninx (Fig. 7.61). From there, some myoseptal tendons cross the recess of the fat 
column and attach to the medial side of arcualia (Fig. 7.46).  
At the level of the notochord, the centripetal myoseptal tendons enter the fibrous tunic of 
the notochord. Some of these attach to the elastica externa of the notochord (see Section 7.3.4.4; 
Fig. 7.62) and some others continue cranially along the notochord and eventually join perimysial 
ligaments (see Section 7.3.3.1; Fig. 7.50B).  
At the level of the coelom, the centripetal myoseptal tendons join the wall of the coelom 
(Fig. 7.63). Beneath the coelom, the centripetal myoseptal tendons run dorso-cranio-medially 
within the ventral portion of the myosepta and branch into smaller bundles of tendon fibers, and 
join the wall of the coelom.    
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Also within the myosepta, arteries (Arteria myoseptalis) run from cranio-medially to 
caudo-laterally to supply the hypodermis and the integument (Figs. 7.5A; 7.57B; 7.58). They are 
surrounded by adipocytes, which appear rectangular or hexagonal in histological sections (Fig. 
7.64) and fill spaces within the myosepta (Fig. 7.59).  
 
  The Musculature 
 
The trunk muscle is subdivided by the myosepta into myomeres and the muscle fibers within the 
myomeres interconnect the myosepta at an angle (Figs. 7.26; 7.39B; 7.53). The muscle fibers 
within each myomere are organized into muscle layers, or laminae, by perimysial fascia (see 
Section 7.3.3.1; Figs. 7.5; 7.26; 7.29). Superficially, a muscle lamina may give the impression of 
a muscle fiber bundle (see for example Fig. 7.26), but in reality, a muscle lamina spans the entire 
a myomere from the hypodermis to the center of the body. Its width is determined by the 
distance of the bordering myosepta, whereas its length is determined by the length of the 
myomere between the periphery and center. Within each muscle lamina, roughly rectangular 
central muscle fibers are bordered dorsally, ventrally, and laterally by a single layer of thin  
Figure 7.17. Mesoscopic images of the deep layer of the dermis in the trunk region of a Sea 
Lamprey (Petromyzon marinus, DGHLAMP022). Cranial is to the left. (A) Light polarized to 
reveal fibers from upper left to lower right of image. (B) Light polarized to reveal fibers from 
upper right to lower left of image. Symbols: Arrows = fiber directions. Letters: Cp = 
melanocytes (Cellula pigmentosa); Fd = dermal fiber bundles (Fasciculus dermidis). 
(figure cont’d.) 
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roughly square parietal muscle fibers (Figs. 7.5; 7.39A). The parietal muscle fibers are enveloped 
by a collagenous endomysium (Fig. 7.39A), whereas the central muscle fibers are not (Fig. 7.5). 
The myotendinous junctions of the parietal muscle fibers are characterized by deep sarcolemmal 
invaginations (Fig. 7.57A) that maximize the surface area between the tendon and muscle fibers, 
whereas myotendinous junctions of the central muscle fibers are characterized by shallow 
sarcolemmal invaginations (Figure 7.57B).  
All non-peripheral muscle fibers attach to myoseptal tendon fibers of which the cranial 
ones are bundled into centripetal myoseptal tendons and the caudal ones are bundled into 
centrifugal myoseptal tendons (see Section 7.3.3.2; Fig. 7.54B). At the periphery of a muscle 
lamina, the muscle fibers attach to intermuscular tendons that cross the myosepta to attach to 
muscle fibers within adjacent myomeres (see Section 7.3.3.2; Fig. 7.54A). At the mid-dorsal line, 
these muscle fibers attach to the dorsal termini of the myosepta, whereas at the mid-ventral line, 
they attach to intermuscular tendons within contralateral myosepta (Fig. 7.56).  
The radial angle of the muscle fibers relative to the longitudinal axis (i.e., the notochord) 
is constant irrespective of changes in the orientation of the faces of muscle laminae and of the 
myosepta. The orientation of the muscle laminae is determined by the radially oriented 
perimysial fascia. At the mid-lateral level, the faces of the muscle laminae are parallel to the 
horizontal plane (Fig. 7.29B). Toward the mid-dorsal or mid-ventral lines, as the faces of the 
muscle laminae rotate angularly to a more vertical orientation, they axially rotate so that they 
face cranio-medially (Fig. 7.29A, C). 
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 The Axial Structures 
 
The axial organs lie in the center of the body and comprise the dorsal vertical septum, the fat 
column, the neural canal, the notochord, the arcualia, and the coelom. 
 
Figure 7.18. Histological transverse section (Slide L3-DLL-3, Masson Trichrome with aniline 
blue) through the epidermis, the dermis, and the hypodermis of a Sea Lamprey (Petromyzon 
marinus, DGHLAMP016). Symbols: ↑ = basement membrane (Membrana basalis). Letters: Cfb 
= fibroblast cells (Cellula fibroblastosa); Cfl = skein cells (Cellula filamentosa); Cg = granular 
cells (Cellula granulosa); Cm = mucous cells (Cellula mucosa); Cp = melanocytes (Cellula 
pigmentosa); CU = cuticle (Cuticula); D = dermis; E = epidermis; Fd = dermal fiber bundle 
(Fasciculus dermidis); Fdr = radial dermal fiber bundle (Fasciculus dermidis radialis); Fh = 
hypodermal fiber bundles (Fasciculus hypodermidis); H = hypodermis; MS = myoseptum. 
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 The Dorsal Vertical Septum 
 
The dorsal vertical septum spans the distance between the hypodermis and the apex of the 
fibrous tunic of the fat column. It comprises adipocytes, blood vessels, and crisscrossing 
perimysial fiber bundles emerging from contralateral perimysial fasciae. 
Figure 7.19. Histological sections through the epidermis, dermis, and hypodermis of a Sea 
Lamprey (Petromyzon marinus) to show the radial fiber bundles of the dermis. (A) Transverse 
section (Slide L3Tr-1, Movat Pentachrome after Verhöff, DGHLAMP016). (B) Horizontal 
section (Slide L2T2CaV-27, Ladewig Trichrome, DGHLAMP004). Symbols: ↑ = basement 
membrane (Membrana basalis). Letters: Cfb = fibroblast cells (Cellula fibroblastosa); Cfl = 
skein cell (Cellula filamentosa); Cg = granular cell (Cellula granulosa); Cm = mucous cell 
(Cellula mucosa); Cp = melanocyte (Cellula pigmentosa); Dp = deep layer of the dermis 
(Stratum profundum dermidis); Ds = superficial layer of the dermis (Stratum superficiale 
dermidis); E = epidermis; Fd = dermal fiber bundle (Fasciculus dermidis); Fdr = radial dermal 
fiber bundle (Fasciculus dermidis radialis); Fh = hypodermal fiber bundle (Fasciculus 
hypodermidis). 
(figure cont’d.) 
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Figure 7.20. Histological transverse section (Slide L3Tr-1, Movat Pentachrome after Verhöff) 
through the epidermis and dermis of a Sea Lamprey (Petromyzon marinus, DGHLAMP016). 
Symbols: ↑ = basement membrane (Membrana basalis). Letters: Cm = mucous cell (Cellula 
mucosa); Cp = melanocyte (Cellula pigmentosa); Dp = deep layer of the dermis (Stratum 
profundum dermidis); Ds = superficial layer of the dermis (Stratum superficiale dermidis); E = 
epidermis; Fd = dermal fiber bundle (Fasciculus dermidis); Fdr = radial dermal fiber bundle 
(Fasciculus dermidis radialis). 
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Figure 7.21. Histological transverse section (Slide L3Tr-1, Movat Pentachrome after Verhöff) 
through the dermis of a Sea Lamprey (Petromyzon marinus; DGHLAMP016). (A-C) Dermal 
radial fiber bundles. Symbols: ↑ = basement membrane (Membrana basalis); * = locations where 
helical fiber bundles can be seen entering/leaving a radial fiber bundle. Letters: Cp = melanocyte 
(Cellula pigmentosa); E = epidermis; Fd = dermal fiber bundle (Fasciculus dermidis); Fdr = 
radial dermal fiber bundle (Fasciculus dermidis radialis). 
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  The Fat Column 
 
The fat column lies between the dorsal vertical septum and the spinal cord (Figs. 7.4; 7.6; 7.43). 
It is enveloped by a collagenous fibrous tunic of helical fiber bundles that are derived from 
perimysial fiber bundles and centripetal myoseptal tendons (See Sections 7.3.3.1 and 7.3.3.2; 
Fig. 7.65A). The apex of the fibrous tunic is crisscrossed by perimysial fiber bundles as well as 
centripetal myoseptal tendons. The walls of the fibrous tunic are formed by two layers of 
clockwise and counterclockwise oriented helical fiber bundles (Fig. 7.65B). The fibrous tunic 
envelops the upper portion of the arcualia. The ventral side of the fibrous tunic also serves as the 
dorsal portion of the ectomeninx. 
 The medulla of the fat column allows the distinction of two portions: The main portion 
with adipocytes, melanocytes, and erythrocytes, and the paired recesses with adipocytes. Both 
portions are crossed by collagenous fiber bundles from the perimysial fiber bundles and the 
centripetal myoseptal tendons (see Sections 7.3.3.1 and 7.3.3.2; Fig. 7.65C).   
 
  The Neural Canal 
 
The neural canal lies between the fat column and the notochord, is flanked on either side by the 
arcualia, and contains the spinal cord (Figs. 7.6; 7.43; 7.66A). It is enveloped by the collagenous 
ectomeninx, which bulges dorsally into the fat column. The ectomeninx receives perimysial fiber 
bundles and centripetal myoseptal tendon fiber bundles from the fat column and from the 
periaxial fascia near the notochord. The dorsal portion of the ectomeninx is bilayered: Superficial 
Figure 7.22. Histological transverse sections through the dermis of a Sea Lamprey (Petromyzon 
marinus; DGHLAMP016). (A) Slide L3-DLL-71, Movat Pentachrome after Verhöff. (B) Slide 
L3-DLL-3, Masson Trichrome with aniline blue (2nd section). Symbols: ↑ = basement membrane 
(Membrana basalis). Letters: E = epidermis; Fd = dermal fiber bundle (Fasciculus dermidis); 
Fdr = radial dermal fiber bundle (Fasciculus dermidis radialis). 
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helically oriented fiber bundles and deep longitudinally oriented fiber bundles (Fig. 7.66B). The 
ventral portion of the ectomeninx comprises only longitudinal fiber bundles. Some fiber bundles 
leave the ectomeninx ventrally to enter the periaxial fascia surrounding the notochord (Fig. 
7.65B). 
The space between the ectomeninx and the spinal cord is filled with intermeningeal tissue 
(Meninx intermedia). The spinal cord is surrounded by the endomeninx (Meninx interna), which 
is anchored to the ectomeninx by lateral spinal ligaments (Ligamenta lateralia spinalia) (Fig. 
7.65A).  
 
Figure 7.23. Histological transverse section (Slide L3Tr-1, Movat Pentachrome after Verhöff) 
through the deep layer of the dermis of a Sea Lamprey (Petromyzon marinus, DGHLAMP016). 
Letters: Cfb = fibroblast cells (Cellula fibroblastosa); Cp = melanocyte (Cellula pigmentosa); Fd 
= dermal fiber bundle (Fasciculus dermidis). 
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 The Notochord 
 
The notochord is located along the longitudinal axis of the trunk between the ectomeninx and the 
major trunk vasculature, i.e., the aorta and the cardinal veins (Fig. 7.6). The periaxial fascia and 
helical fiber bundles of the fibrous tunic flank the notochord laterally (Fig. 7.67). The notochord 
is nearly circular in cross-section and comprises the following connective tissue components 
from superficial to deep: An elastica externa, a notochord sheath, a notochord epithelium, a 
reticular fibrous network, and a central notochord string (Figs. 7.67; 7.68).  
The elastica externa forms the thin, outermost layer of the notochord and serves as 
interface between the perimysial fiber bundles and myoseptal centripetal tendons attaching to the 
notochord and the fiber bundles of the notochord sheath (Fig. 7.69). The external layer connects 
to collagen fibers from the periaxial fascia (Fig. 7.69A) and is continuous with the 
perichondrium at the base of the arcualia (Fig. 7.70), and the internal layer connects to the 
collagen fibers of the notochord sheath (Fig. 7.69B).  
The notochord sheath forms a thick layer of collagen fibers deep to the elastica externa 
and surrounds the vacuolated cells of the interior of the notochord. The fiber bundles of the 
Figure 7.24. Histological transverse section (Slide L3Hori-2, Masson with aniline blue) through 
the deep layer of the dermis of a Sea Lamprey (Petromyzon marinus, DGHLAMP016). Letters: 
Cfb = fibroblast cells (Cellula fibroblastosa); Fd = dermal fiber bundle (Fasciculus dermidis); 
NU = nucleus of fibroblast cell. 
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notochord sheath appear to run helically and circumferentially around the space occupied by the 
vacuolated cells. The interior surface of the notochord sheath is lined by cells of the notochord 
epithelium. The sheath stains dichromatically with all four stains that were used in this study 
and, therefore, likely contains at least two types of fibers (Figs. 7.67; 7.70).      
Figure 7.25. Histological transverse sections through the epidermis, dermis, and hypodermis of a 
Sea Lamprey (Petromyzon marinus, DGHLAMP016). (A) Slide L3Tr-2, Azan after Geidies. (B) 
Slide L3-DLL-71, Movat Pentachrome after Verhöff. Symbols: ↑ = basement membrane 
(Membrana basalis). Letters: Cp = melanocyte (Cellula pigmentosa); Dp = deep layer of the 
dermis (Stratum profundum dermidis); Ds = superficial layer of the dermis (Stratum superficiale 
dermidis); E = epidermis; Fd = dermal fiber bundle (Fasciculus dermidis); Fd = dermal fiber 
bundle (Fasciculus dermidis); H = hypodermis; VS = blood vessel (Vas sanguineum). 
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The notochord epithelium comprises several layers of cells beneath the notochord sheath 
(Fig. 7.71). From it, radially oriented reticular fibers arise and form a scaffold that supports the 
vacuolated cells in the center of the notochord.  
 The central notochord string comprises a bundle of fibers that runs longitudinally down 
the center of the notochord and binds together the radial reticular fibers (Fig. 7.67).   
 The notochord is separated ventro-laterally from the posterior cardinal veins by a thick 
layer of structural fat.    
 
Figure 7.26. Mesoscopic image of a longitudinal section through the dermis and hypodermis in 
situ with underlying myomeres and myosepta near the mid-dorsal line in the trunk region of a 
Sea Lamprey (Petromyzon marinus, DGHLAMP003). Cranial is to the left. Symbols: Arrows = 
Connective tissue extensions of hypodermis into perimysial fascia between the muscle blocks. 
Letters: Ca = adipose cell (Cellula adiposa); Cp = melanocyte (Cellula pigmentosa); Dp = deep 
layer of the dermis (Stratum profundum dermidis); Ds = superficial layer of the dermis (Stratum 
superficiale dermidis); H = hypodermis; Ml = muscle lamina (Lamina muscularis); MM = 
myomere; MS = myoseptum. 
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Figure 7.27. Histological transverse section (Slide L3Tr-1, Movat Pentachrome after Verhöff) 
through the dermis and hypodermis of a Sea Lamprey (Petromyzon marinus, DGHLAMP016). 
Letters: Ca = adipose cell (Cellula adiposa); Cfb = presumed fibroblast cells (Cellula 
fibroblastosa); Cp = melanocyte (Cellula pigmentosa); D = dermis; Fd = dermal fiber bundles 
(Fasciculus dermidis); Fh = hypodermal fiber bundles (Fasciculus hypodermidis); FAm = 
perimysial fascia (Fascia perimysialis); Hp = deep layer of the hypodermis (Stratum profundum 
hypodermidis); Hs = superficial layer of the hypodermis (Stratum superficiale hypodermidis); 
MM = myomere. 
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 The Arcualia 
 
The arcualia are irregularly shaped cartilaginous structures that extend dorsally from the elastica 
externa of the notochord into the fibrous tunic of the fat column and laterally to the ectomeninx 
(Figs. 7.6; 7.43; 7.66A; 7.67). There is one arcuale for each myomere and myoseptum within the 
trunk. Perimysial fiber bundles and centripetal myoseptal tendon fibers attach to the arcualia (see 
Sections 7.3.3.1 and 7.3.3.2). Fiber bundles also pass between the arcualia and the notochord 
(Fig. 7.70).  
 
 The Wall of the Coelom 
 
The wall of the coelom comprises two layers of helical fiber bundles with opposite orientations 
(clockwise and counterclockwise helices) (Figure 7.72). The helical fiber bundles are derived 
from the oppositely orientated perimysial fiber bundles and from the centripetal myoseptal 
tendons. The internal surface of the coelomic wall is lined by a single layer of flat mesothelial 
serosal cells. 
 
 
 
Figure 7.28. Transverse section (Slide L3Tr-1, Movat Pentachrome after Verhöff) through the 
dermis and hypodermis of a Sea Lamprey (Petromyzon marinus, DGHLAMP016). Letters: Ca = 
adipose cell (Cellula adiposa); Cfb = presumed fibroblast cells (Cellula fibroblastosa); Cp = 
melanocyte (Cellula pigmentosa); D = dermis; Fd = dermal fiber bundles (Fasciculus dermidis); 
Fh = hypodermal fiber bundles (Fasciculus hypodermidis); Hp = deep layer of the hypodermis 
(Stratum profundum hypodermidis); Hs = superficial layer of the hypodermis (Stratum 
superficiale hypodermidis). 
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Figure 7.29. Mesoscopic images of the dermis, hypodermis, and superficial surface of the 
musculature in the trunk region of a Sea Lamprey (Petromyzon marinus, DGHLAMP003). 
Cranial is to the left. (A) Dorsal view. (B) Lateral view. (C) Ventral view. Symbol: Dashed line 
= mid-lines of the body. Letters: Dp = deep layer of the dermis (Stratum profundum dermidis); 
Ds = superficial layer of the dermis (Stratum superficiale dermidis); H = hypodermis; Ld = 
dorsal longitudinal ligament (Ligamentum longitudinale dorsale); MM = myomere; MS = 
myoseptum. 
(figure cont’d.) 
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Figure 7.30. Horizontal section (Slide L2T2CaD-626, Azan after Geidies) through the dermis 
and hypodermis of a Sea Lamprey (Petromyzon marinus, DGHLAMP004) to show the breakup 
of a radial dermal fiber bundle into smaller bundles as it enters the hypodermis. Symbols: * = 
Unknown tissue artefact. Letters: Ca = adipose cell (Cellula adiposa); Cp = melanocytes 
(Cellula pigmentosa); D = dermis; Fdr = radial dermal fiber bundle (Fasciculus dermidis 
radialis); Fh = hypodermal fiber bundles (Fasciculus hypodermidis); FAm = perimysial fascia 
(Fascia perimysialis); H = hypodermis; Mp = parietal muscle fiber (Musculus parietales). 
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Figure 7.31. Histological horizontal sections through the dermis, the hypodermis, and part of a 
myomere of a Sea Lamprey (Petromyzon marinus). (A) Section (Slide L2T2CaD-626, Azan after 
Geidies, DGHLAMP004) to show fiber bundles leaving the dermis, crossing the hypodermis, 
and continuing within the perimysial fascia. (B) Section (Slide L3Hori-4, Masson Trichrome 
with aniline blue, DGHLAMP016) to show fiber bundles leaving the dermis, crossing the 
hypodermis, and joining a myoseptum. Letters: Cp = melanocytes (Cellula pigmentosa); D= 
dermis; Fdr = radial dermal fiber bundle (Fasciculus dermidis radialis); Fh = hypodermal fiber 
bundles (Fasciculus hypodermidis); FAm = perimysial fascia (Fascia perimysialis); H = 
hypodermis; Mp = parietal muscle fiber (Musculus parietales); MM = myomere; MS = 
myoseptum. 
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Figure 7.32. Mesoscopic image of a transverse section through the mid-dorsal line in the trunk of 
a Sea Lamprey (Petromyzon marinus, DGHLAMP017). Letters: Cp = melanocyte (Cellula 
pigmentosa); D = dermis; Fh = hypodermal fiber bundle (Fasciculus hypodermidis); Ld = dorsal 
longitudinal ligament (Ligamentum longitudinale dorsale); MM = myomere; MS = myoseptum; 
Sd = dorsal vertical septum (Septum verticale dorsale). 
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Figure 7.33. Histological sections through the dorsal longitudinal ligament (Ligamentum 
longitudinale dorsale) in the trunk of a Sea Lamprey (Petromyzon marinus) to show its location 
and its structure. (A) Transverse section (Slide L3DLL-28, Movat Pentachrome after Verhöff, 
DGHLAMP016). (B) Horizontal section (L2T2CaD-17, Movat Pentachrome after Verhöff, 
DGHLAMP004). (C) Sagittal section (L2T2CrD-207, Movat Pentachrome after Verhöff, 
DGHLAMP004). (D) Horizontal section (L2T2CaD-17, Movat Pentachrome after Verhöff, 
DGHLAMP004). (E) Horizontal section (L2T2CaD-16, Masson Trichrome with aniline blue, 
DGHLAMP004). Symbols: ↑ = basement membrane (Membrana basalis); + = presumed elastic 
fiber bundles; * = collagen fiber bundles. Letters: Ca = adipose cell (Cellula adiposa); Cfb = 
presumed fibroblast cells (Cellula fibroblastosa); Cp = melanocytes (Cellula pigmentosa); D = 
dermis; E = epidermis; Fh = hypodermal fiber bundles (Fasciculus hypodermidis); H = 
hypodermis; Ld = dorsal longitudinal ligament (Ligamentum longitudinale dorsale); MM = 
myomere; MS = myoseptum; S = dorsal vertical septum (Septum verticale dorsale). 
(figure cont’d.) 
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Figure 7.34. Mesoscopic images of the dorsal longitudinal ligament in the trunk region of a Sea 
Lamprey (Petromyzon marinus). Cranial is to the left. (A) Dorsal view showing groups of 
hypodermal fiber bundles braid together as they join the ligament. (B) Oblique view showing 
hypodermal fiber bundles joining the ligament dorsally and laterally as well as leaving the 
ligament ventrally. (C) Dorsal view showing hypodermal fiber bundles joining the ligament 
laterally. (D) Oblique view showing hypodermal fiber bundles joining the ligament dorsally. (E) 
Oblique view showing hypodermal fiber bundles leaving the ligament ventrally and entering the 
dorsal vertical septum. Symbols: arrows = direction of hypodermal fiber bundles. Letters: Dp = 
deep layer of the dermis (Stratum profundum dermidis); Ds = superficial layer of the dermis 
(Stratum superficiale dermidis); Fh = hypodermal fiber bundles (Fasciculus hypodermidis); H = 
hypodermis; Ld = dorsal longitudinal ligament (Ligamentum longitudinale dorsale); MM = 
myomere; MS = myoseptum. 
(figure cont’d.) 
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Figure 7.35. 3D reconstructions of slides L3DLL-1-74 of the dorsal longitudinal ligament to 
show the distribution and orientation of its connective tissue fibers. Dorsal is on top. (A) Frontal 
view in the cranio-caudal direction. (B) Oblique frontal view. (C) Magnified view of isolated 
fibers within the ligament. 
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Figure 7.36. Histological horizontal section (Slide L2T2CaD-16, Masson Trichrome with aniline 
blue) through the dorsal longitudinal ligament in the trunk of a Sea Lamprey (Petromyzon 
marinus, DGHLAMP004) to show fibers entering laterally from the hypodermis. Cranial is to 
the right. Letters: Ca = adipose cell (Cellula adiposa); Fh = hypodermal fiber bundles 
(Fasciculus hypodermidis); H = hypodermis; Ld = dorsal longitudinal ligament (Ligamentum 
longitudinale dorsale). 
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Figure 7.37. Histological sagittal sections through the dorsal longitudinal ligament (Ligamentum 
longitudinale dorsale) in the trunk of a Sea Lamprey (Petromyzon marinus, DGHLAMP004) to 
show fiber bundles entering and leaving the ligament. (A) Slide L2T2CrD-194, Ladewig 
Trichrome. (B) Slide L2T2CrD-206, Movat Pentachrome after Verhöff. Symbols: * = Fiber 
bundle leaving ligament and entering the dorsal vertical septum. Cranial is to the left. Letters: Ca 
= adipose cell (Cellula adiposa); Cp = melanocytes (Cellula pigmentosa); D = dermis; Fd = 
dermal fiber bundles (Fasciculus dermidis); Fdr = radial dermal fiber bundle (Fasciculus 
dermidis radialis); Fh = hypodermal fiber bundles (Fasciculus hypodermidis); H = hypodermis; 
Ld = dorsal longitudinal ligament (Ligamentum longitudinale dorsale); S = dorsal vertical 
septum (Septum verticale dorsale). 
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Figure 7.38. Histological serial horizontal sections from dorsal to ventral through the dorsal 
longitudinal ligament (Ligamentum longitudinale dorsale) in the trunk of a Sea Lamprey 
(Petromyzon marinus, DGHLAMP004) to show its structure. Cranial is to the left. (A) Slide 
L2T2CaD-3, Azan after Geidies. (B) Slide L2T2CaD-5, Ladewig Trichrome. (C) Slide 
L2T2CaD-7, Masson Trichrome with aniline blue. (D) L2T2CaD-10, Movat Pentachrome after 
Verhöff. (E) L2T2CaD-12, Azan after Geidies. (F) L2T2CaD-13, Ladewig Trichrome. (G) 
L2T2CaD-15, Masson Trichrome with aniline blue. (H) L2T2CaD-17, Movat Pentachrome after 
Verhöff. (I) L2T2CaD-19, Azan after Geidies. (J) L2T2CaD-21, Ladewig Trichrome. (K) 
L2T2CaD-23, Masson Trichrome with aniline blue. (L) L2T2CaD-25, Movat Pentachrome after 
Verhöff. (M) L2T2CaD-27, Azan after Geidies. (N) L2T2CaD-29, Ladewig Trichrome. (O) 
L2T2CaD-31, Masson Trichrome with aniline blue. 
(figure cont’d.) 
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Figure 7.39. Histological sections (Movat Pentachrome after Verhöff) through the trunk 
musculature of a Sea Lamprey (Petromyzon marinus, DGHLAMP016) to show the location and 
structure of the perimysial fascia. (A) Transverse section (Slide L3Tr-1) through the epidermis, 
dermis, hypodermis, myomeres, and a myoseptum to show the relationship of the perimysial 
fascia to those structures. (B) Horizontal section (Slide L3Hori-7) through a myomere and a 
myoseptum to show the orientation of the perimysial fiber bundles relative to the orientation of a 
myoseptum. Cranial is to the left. Symbols: black ↑ = cranio-medial to caudo-lateral orientation 
of a myoseptum; white ↑ = cranio-lateral to caudo-medial orientation of the perimysial fiber 
bundles. Letters: Cp = melanocytes (Cellula pigmentosa); D = dermis; E = epidermis; EM = 
endomysium; Fm = perimysial fiber bundles (Fasciculus perimysii); FAm = perimysial fascia 
(Fascia perimysialis); H = hypodermis; Ml = muscle lamina (Lamina muscularis); Mc = central 
muscle fibers (Musculi centrales); Mp = parietal muscle fibers (Musculi parietales); MM = 
myomere; MS = myoseptum; Ts = myoseptal tendon (Tendo myoseptalis). 
(figure cont’d.) 
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Figure 7.40. Histological transverse sections (Movat Pentachrome after Verhöff) through the 
trunk musculature of a Sea Lamprey (Petromyzon marinus; DGHLAMP016) to show the path of 
the perimysial fiber bundles. (A) Section (Slide L3Tr-5) through the dermis, hypodermis, and 
myomere to show hypodermal fiber bundles entering the perimysial fascia. (B) Section (Slide 
L3Tr-1, Movat) through a myoseptum and adjacent muscle blocks to show a perimysial fiber 
bundle cross the myoseptum. Letters: Ca = adipose cell (Cellula adiposa); Cp = melanocytes 
(Cellula pigmentosa); D = dermis; EM = endomysium; Fd = dermal fiber bundle (Fasciculus 
dermidis); Fh = hypodermal fiber bundle (Fasciculus hypodermidis); Fm = perimysial fiber 
bundle (Fasciculus perimysii); FAm = perimysial fascia (Fascia perimysialis); Mc = central 
muscle fibers (Musculi centrales); Mp = parietal muscle fibers (Musculi parietales); Ml = muscle 
lamina (Lamina muscularis); MS = myoseptum; Ts = myoseptal tendon (Tendo myoseptalis). 
(figure cont’d.) 
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Figure 7.41. Histological transverse sections (Movat Pentachrome after Verhöff) through the 
trunk musculature and periaxial fascia of a Sea Lamprey (Petromyzon marinus, 
DGHLAMP016). (A) Section (Slide L3Tr-1) to show perimysial fiber bundles enter the periaxial 
fascia. (B) Section (Slide L3Tr-5) to show perimysial fiber bundles combining into a larger fiber 
bundle within the periaxial fascia. Letters: Ca = adipose cell (Cellula adiposa); Fm = perimysial 
fiber bundle (Fasciculus perimysii); FAa = periaxial fascia (Fascia periaxialis); FAm = 
perimysial fascia (Fascia perimysialis); Lp = perimysial ligament (Ligamentum perimysiale); Mc 
= central muscle fibers (Musculi centrales); Ml = muscle lamina (Lamina muscularis); Mp = 
parietal muscle fibers (Musculi parietales); MS = myoseptum; Ts = myoseptal tendon (Tendo 
myoseptalis). 
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Figure 7.42. Histological transverse sections through the dorsal trunk of a Sea Lamprey 
(Petromyzon marinus, DGHLAMP016). (A) Section (Slide L3Tr-2) to show perimysial fiber 
bundles entering the dorsal vertical septum. (B) Section (Slide L3Tr-3) to show perimysial fiber 
bundles joining the apex and walls of the fat column. Letters: Ca = adipose cell (Cellula 
adiposa); Ce = red blood cell (Cellula rubra); Cp = melanocyte (Cellula pigmentosa); CLa = 
apex of the wall of the fat column (Apex tunicae fibrosae columnae adiposae); CLm = medulla 
of the fat column (Medulla columnae adiposae); CLp = fibrous tunic of the fat column (Tunica 
fibrosa columnae adiposae); EM = endomysium; Fm = perimysial fiber bundle (Fasciculus 
perimysii); FAm = perimysial fascia (Fascia permysialis); Ml = muscle lamina (Lamina 
muscularis); Mc = central muscle fibers (Musculi centrales); Mp = parietal muscle fibers 
(Musculi parietales); MS = myoseptum; S = dorsal vertical septum (Septum verticale dorsale); 
Ts = myoseptal tendon (Tendo myoseptalis). 
(figure cont’d.) 
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Figure 7.43. Histological horizontal section (Slide L2T2CaD-323, Masson Trichrome with 
aniline blue) through the apex of the fat column in the trunk of a Sea Lamprey (Petromyzon 
marinus, DGHLAMP004) to show the crisscrossing of the perimysial fiber bundles and 
myoseptal tendons. Cranial is to the right. Letters: Ca = adipose cell (Cellula adiposa); Cp = 
melanocyte (Cellula pigmentosa); CLa = apex of the wall of the fat column (Apex tunicae 
fibrosae columnae adiposae); Fm = perimysial fiber bundle (Fasciculus perimysii); FAm = 
perimysial fascia (Fascia permysialis); Lp = perimysial ligament (Ligamentum perimysiale); Mc 
= central muscle fibers (Musculi centrales); MM = myomere; MS = myoseptum; Ts = myoseptal 
tendon (Tendo myoseptalis). 
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Figure 7.44. Histological transverse section (Slide L3Tr-1, Movat Pentachrome after Verhöff) 
through the fat column and spinal cord in the trunk region of a Sea Lamprey (Petromyzon 
(caption cont’d.) 
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marinus, DGHLAMP016) to show their morphology. Letters: Aa = periaxial artery (Arteria 
periaxialis); AR = arcuale (Arcus neuralis); Cn = notochordal cells (Cellula notochordalis); CL 
= fat column (Columna adiposa); CLa = apex of the wall of the fat column (Apex tunicae 
fibrosae columnae adiposae); CLm = medulla of the fat column (Medulla columnae adiposae); 
CLp = Fibrous tunic of the fat column (Tunica fibrosa columnae adiposae); CLr = recess of the 
fat column (Recessus columnae adiposae); FAa = periaxial fascia (Fascia periaxialis); MD = 
spinal cord (Medulla spinalis); MEe = ectomeninx (Meninx externa); MEm = intermeningeal 
tissue (Meninx intermedia); MEn = endomeninx (Meninx interna); MM= myomere; MS = 
myoseptum; N = spinal nerve (Neurofibra peripherica); NCl = elastica externa of the notochord 
(Lamina perinotochordalis); NCv = notochord sheath (Vagina notochordalis); Sd = dorsal 
vertical septum (Septum verticale dorsale).   
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Figure 7.45. Histological transverse section (Slide L3Tr-7, Ladewig Trichrome) through a 
myomere and the fat column in the trunk region of a Sea Lamprey (Petromyzon marinus; 
DGHLAMP016) to show perimysial fiber bundles join and cross through the wall of the fat 
column. Letters: Aa = periaxial artery (Arteria periaxialis); Ce = red blood cells (Cellula rubra); 
Cfb = fibroblast cells (Cellula fibroblastosa); Cp = melanocytes (Cellula pigmentosa); CLm = 
medulla of the fat column (Medulla columnae adiposae); CLp = fibrous tunic of the fat column 
(Tunica fibrosa columnae adiposae); Fm = perimysial fiber bundles (Fasciculus perimysii); FAa 
= periaxial fascia (Fascia periaxialis); FAm = perimysial fascia (Fascia perimysialis); Ml = 
muscle lamina (Lamina muscularis); Mc = central muscle fibers (Musculus centrales); Mp = 
parietal muscle fibers (Musculus parietalis). 
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Figure 7.46. Histological transverse section (Slide L3Tr-7, Ladewig Trichrome) in the trunk 
region of a Sea Lamprey (Petromyzon marinus, DGHLAMP016) to show perimysial ligaments 
enter the fat column and join the ectomeninx. Letters: Aa = periaxial artery (Arteria periaxialis); 
Am = perimysial artery (Arteria perimysialis); AR = arcuale (Arcus neuralis); Ca = adipose cell 
(Cellula adiposa); Ce = red blood cell (Cellula rubra); Cp = melanocyte (Cellula pigmentosa); 
CLm = medulla of the fat column (Medulla columnae adiposae); CLp = fibrous tunic of the fat 
column (Tunica fibrosa columnae adiposae); CLr = recess of the fat column (Recessus columnae 
adiposae); Fm = perimysial fiber bundles (Fasciculus perimysii); FAa = periaxial fascia (Fascia 
periaxialis); Lp = perimysial ligament (Ligamentum perimysiale); Mc = central muscle fibers 
(Musculus centrales); Mp = parietal muscle fibers (Musculus parietalis); MEe = ectomeninx 
(Meninx externa); MM = myomere; MS = myoseptum; N = spinal nerve (Neurofibra 
peripherica); Ts = myoseptal tendon (Tendo myoseptalis). 
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Figure 7.47. Histological horizontal section (Slide L2T2CaD-510, Azan after Geidies) through 
an arcuale and the ectomeninx in the trunk region of a Sea Lamprey (Petromyzon marinus, 
DGHLAMP016) to show the attachment of perimysial fiber bundles and myoseptal tendons to an 
arcuale. Cranial is to the bottom. Symbol: * = artefact. Letters: AR = arcuale (Arcus neuralis); 
Ca = adipose cell (Cellula adiposa); Cp = melanocyte (Cellula pigmentosa); CLp = fibrous tunic 
of the fat column (Tunica fibrosa columnae adiposae); CLr = recess of the fat column (Recessus 
columnae adiposae); Fm = perimysial fiber bundles (Fasciculus perimysii); FAa = periaxial 
fascia (Fascia periaxialis); MEe = ectomeninx (Meninx externa); Tp = centripetal myoseptal 
tendon (Tendo myoseptalis centripitalis). 
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Figure 7.48. Histological horizontal section (Slide L2T2CaD-489, Movat Pentachrome after 
Verhöff) in the trunk region of a Sea Lamprey (Petromyzon marinus, DGHLAMP004) to show 
perimysial fiber bundles and a perimysial ligament attaching to an arcuale. Letters: AR = arcuale 
(Arcus neuralis); Ca = adipose cell (Cellula adiposa); Cp = melanocyte (Cellula pigmentosa); 
CLp = fibrous tunic of the fat column (Tunica fibrosa columnae adiposae); CLr = recess of the 
fat column (Recessus columnae adiposae); Fm = perimysial fiber bundles (Fasciculus perimysii); 
FAa = periaxial fascia (Fascia periaxialis); Lp = perimysial ligament (Ligamentum perimysiale). 
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Figure 7.49. Histological horizontal section (Slide L2T2CaD-775, Ladewig Trichrome) through 
the periaxial fascia and notochord in the trunk region of a Sea Lamprey (Petromyzon marinus; 
DGHLAMP004) to show the attachment of a perimysial ligament to the elastica externa of the 
notochord. Cranial is to the right. Letters: Ca = adipose cell (Cellula adiposa); FAa = periaxial 
fascia (Fascia periaxialis); Lp = perimysial ligament (Ligamentum perimysiale); NCl = elastica 
externa of the notochord (Lamina perinotochordalis); NCv = notochord sheath (Vagina 
notochordalis); Tp = centripetal myoseptal tendon (Tendo myoseptalis centripitalis). 
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Figure 7.50. Histological horizontal section (Slide L2T2CaD-628, Masson Trichrome with 
aniline blue) through the notochord and periaxial fascia in the trunk region of a Sea Lamprey 
(Petromyzon marinus, DGHLAMP004) to show the continuity between the fiber bundles of a 
myoseptal tendon and a perimysial ligament. Symbol: * = helical fiber bundles enveloping the 
notochord. Letters: FAa = periaxial fascia (Fascia periaxialis); Lp = perimysial ligament 
(Ligamentum perimysiale); Mc = central muscle fibers (Musculi centrales); N = spinal nerve 
(Neurofibra peripherica); NCl = elastica externa of the notochord (Lamina perinotochordalis); 
NCv = notochord sheath (Vagina notochordalis); Tp = centripetal myoseptal tendon (Tendo 
myoseptalis centripitalis). 
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Figure 7.51. Histological horizontal section (Slide L2T2CaV-146, Movat Pentachrome after 
Verhöff) through the coelom and perivisceral fascia in the trunk region of a Sea Lamprey  
(caption cont’d.) 
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(Petromyzon marinus, DGHLAMP004) to show a perimysial ligament join with the wall of the 
coelom. Cranial is to the right. Letters: CO = coelom (Coeloma); COp = wall of the coelom 
(Paries coelomae); Fm = perimysial fiber bundles (Fasciculus perimysii); FAm = perimysial 
fascia (Fascia perimysialis); FAv = perivisceral fascia (Fascia perivisceralis); Lp = perimysial 
ligament (Ligamentum perimysiale); Ml = muscle lamina (Lamina muscularis); Mc = central 
muscle fiber (Musculi centrales).   
 
 
Figure 7.52. 3D models based on MRI datasets of myosepta in the trunk region of a Sea Lamprey 
(Petromyzon marinus, DGHLAMP008). (A) Oblique lateral view with dashed lines subdividing 
the myosepta into portions. (B) A single myoseptum with labeled portions. (C) Dorsal view. (D) 
Ventral view. Letters: CL = fat column (Columna adiposa); COp = wall of the coelom (Paries 
coelomae); Ld = dorsal longitudinal ligament (Ligamentum longitudinale dorsale); MD = spinal 
cord (Medulla spinalis); MS = myosepta; NC = notochord (Notochorda); Vd = right posterior 
common cardinal vein (Vena cardinalis posterior dextra); Vs = left posterior common cardinal 
vein (Vena cardinalis posterior sinistra). 
(figure cont’d.) 
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Figure 7.53. Mesoscopic image of the muscle blocks within a myomere and the adjacent 
myosepta in the trunk region of a Sea Lamprey (Petromyzon marinus; DGHLAMP003). Cranial 
is to the left. Letters: Mb = muscle lamina (Lamina muscularis); Mc = central muscle fibers 
(Musculi centrales); Mp = parietal muscle fibers (Musculus parietales); MM = myomere; MS = 
myoseptum; Tm = intermuscular tendon (Tendo intermuscularis). 
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Figure 7.54. Mesoscopic images of the attachments of the myomeric muscle fibers in the trunk of 
a Sea Lamprey (Petromyzon marinus, DGHLAMP003). Cranial is to the left. (A) Image showing 
the attachment of muscle fibers via intermuscular tendons. (B) Image showing same area as in 
(A) but with superficial muscle fibers removed to reveal the attachment to myoseptal tendons. 
Symbol: * = black paper pieces used as spacers. Letters: Ml = muscle lamina (Lamina 
muscularis); MM = myomere; MS = myoseptum; Tm = intermuscular tendon (Tendo 
intermuscularis); Ts = myoseptal tendon (Tendo myoseptalis). 
(figure cont’d.) 
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Figure 7.55. Histological parasagittal section (Slide L3Ps-34, Azan after Geidies) through the 
hypodermis and a myoseptum in the trunk region of a Sea Lamprey (Petromyzon marinus, 
DGHLAMP016) to show the formation of an intermuscular tendon. Cranial is to the left. Letters: 
Ca = adipose cell (Cellula adiposa); Cp = melanocyte (Cellula pigmentosa); D = dermis; EM= 
endomysium; Fd = dermal fiber bundle (Fasciculus dermidis); Fh = hypodermal fiber bundle 
(Fasciculus hypodermidis); FAm = perimysial fascia (Fascia perimysialis); Mc = central muscle 
fibers (Musculi centrales); Mp = parietal muscle fibers (Musculi parietales); Tm = intermuscular 
tendon (Tendo intermuscularis); Ts = myoseptal tendon (Tendo myoseptalis).    
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Figure 7.56. Mesoscopic images of the myomeres and myosepta at the mid-ventral line in the 
trunk region of a Sea Lamprey (Petromyzon marinus, DGHLAMP003). Cranial is to the left. (A) 
Image showing the attachment of myomeric muscle fibers to a contralateral myoseptum. (B) 
Image showing the orientation of muscle fibers relative to contralateral myosepta. Symbols: 
dashed line = mid-ventral line; black arrows = orientation of muscle fibers; white arrows = 
orientation of myosepta. Letters: H = hypodermis; MM = myomere; MS = myoseptum. 
(figure cont’d.) 
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Figure 7.57. Histological horizontal sections (Slide L3Hori-2, Masson Trichrome with aniline 
blue) through the trunk musculature of a Sea Lamprey (Petromyzon marinus, DGHLAMP016) to 
show the attachment of the muscle fibers to the myoseptal tendons. (A) Parietal muscle fibers 
attaching to a myoseptal tendon. (B) Central muscle fibers attaching to a myoseptal tendon. 
Letters: As = myoseptal artery (Arteria myoseptalis); Ce = red blood cell (Cellula rubra); EM = 
endomysium; Fm = perimysial fiber bundle (Fasciculus perimysii); Mc = central muscle fiber 
(Musculi centrales); Mp = parietal muscle fiber (Musculi parietales); MS = myoseptum; Ts = 
myoseptal tendon (Tendo myoseptalis). 
(figure cont’d.) 
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Figure 7.58. Histological transverse section (Slide L3Tr-5, Movat Pentachrome after Verhöff) 
through a myoseptum in the trunk region of a Sea Lamprey (Petromyzon marinus, 
DGHLAMP016). Letters: As = myoseptal artery (Arteria myoseptalis); Ca = adipose cell  
(caption cont’d.) 
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(Cellula adiposa); Cfb = fibroblast cell (Cellula fibroblastosa); Cp = melanocyte (Cellula 
pigmentosa); Fm = perimysial fiber bundle (Fasciculus perimysii); FAm = perimysial fascia 
(Fascia perimysialis); Mc = central muscle fibers (Musculi centrale); Ml = muscle lamina 
(Lamina muscularis); Mp = parietal muscle fibers (Musculi parietales); MS = myoseptum; Ts = 
myoseptal tendon (Tendo myoseptalis). 
 
 
Figure 7.59. Histological horizontal section (Slide L3Hori-1, Movat Pentachrome after Verhöff) 
through the trunk musculature of a Sea Lamprey (Petromyzon marinus, DGHLAMP016) to show 
the cranial and caudal attachment of parietal muscle fibers. Cranial is to the left. Letters: Ca = 
adipose cell (Cellula adiposa); Mp = parietal muscle fiber (Musculi parietales); Ts = myoseptal 
tendon (Tendo myoseptalis). 
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Figure 7.60. Histological horizontal section (L2T2CaD-376) through the periaxial fascia and the 
fat column wall in the trunk region of a Sea Lamprey (Petromyzon marinus, DGHLAMP004) to 
show a myoseptal tendon joining the fat column wall. Cranial is to the right. Letters: Ca = 
adipose cell (Cellula adiposa); Cp = melanocyte (Cellula pigmentosa); CLm = medulla of the fat 
column (Medulla columnae adiposae); CLp = fibrous tunic of the fat column (Tunica fibrosa 
columnae adiposae); FAa = periaxial fascia (Fascia periaxialis); Lp = perimysial ligament 
(Ligamentum perimysiale); Ts = myoseptal tendon (Tendo myoseptalis). 
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Figure 7.61. Histological horizontal section (L2T2CaD-496, Masson Trichrome with aniline 
blue) through an arcuale and the fat column wall in the trunk region of a Sea Lamprey 
(Petromyzon marinus, DGHLAMP004) to show a myoseptal tendon running cranially within the 
fat column wall. Cranial is to the right. Symbol: * = artefact. Letters: AR = arcuale (Arcus 
neuralis); Ca = adipose cell (Cellula adiposa); CLp = fibrous tunic of the fat column (Tunica 
fibrosa columnae adiposae); CLr = recess of the fat column (Recessus columnae adiposae); FAa 
= periaxial fascia (Fascia periaxialis); Tp = centripetal myoseptal tendon (Tendo myoseptalis 
centripitalis). 
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Figure 7.62. Histological horizontal section (Slide L2T2CaD-775, Ladewig Trichrome) through 
the notochord and periaxial fascia in the trunk region of a Sea Lamprey (Petromyzon marinus, 
DGHLAMP004) to show myoseptal tendons attaching to the elastica externa of the notochord. 
Symbol: * = helical fiber bundles enveloping the notochord. Letters: Ca = adipose cell (Cellula 
adiposa); FAa = periaxial fascia (Fascia periaxialis); Lp = perimysial ligament (Ligamentum 
perimysiale); NCl = elastica externa of the notochord (Lamina perinotochordalis); NCv = 
notochord sheath (Vagina notochordalis); Tp = centripetal myoseptal tendon (Tendo myoseptalis 
centripitalis). 
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Figure 7.63. Histological parasagittal section (Slide L2T2CrD-371, Movat Pentachrome after 
Verhöff) through the perivisceral fascia and wall of the coelom in the trunk region of a Sea 
Lamprey (Petromyzon marinus, DGHLAMP004) to show centripetal myoseptal tendons joining  
(caption cont’d.) 
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the wall of the helical fibers of the coelomic wall. Cranial is to the left. Letters: Ca = adipose cell 
(Cellula adiposa); Cp = melanocyte (Cellula pigmentosa); COp = wall of the coelom (Paries 
coelomae); Fm = perimysial fiber bundle (Fasciculus perimysii); FAv = perivisceral fascia 
(Fascia perivisceralis); Mc = central muscle fibers (Musculi centrales); Tp = centripetal 
myoseptal tendon (Tendo myoseptalis centripitalis); Va = periaxial vein (Vena periaxialis).   
 
 
Figure 7.64. Histological horizontal section (Slide L2T2CaD-497, Movat Pentachrome after 
Verhöff) through adipocytes in the trunk region of a Sea Lamprey (Petromyzon marinus, 
DGHLAMP004). Letters: Ca = adipocyte (Cellula adiposa); Cp = melanocyte (Cellula 
pigmentosa); F = fiber bundle (Fasciculus). 
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Figure 7.65. Mesoscopic images of a transverse section through the fat column, the ectomeninx, 
and the notochord in the trunk region of a Sea Lamprey (Petromyzon marinus, 
DGHLAMP017B). (A) Image showing the anatomy of the fat column, ectomeninx, and 
notochord. (B) Image showing fiber bundles leave the dorsal vertical septum and enter the wall 
of the fat column. (C) Image showing fiber bundles leave the wall of the fat column and join the 
ectomeninx. Letters: Aa = periaxial artery (Arteria periaxialis); CLa = apex of the wall of the fat 
column (Apex tunicae fibrosae columnae adiposae); CLm = medulla of the fat column (Medulla 
columnae adiposae); CLp = fibrous tunic of the fat column (Tunica fibrosa columnae adiposae); 
CLr = recess of the fat column (Recessus columnae adiposae); D = dermis; F = fiber bundle 
(Fasciculus); FAa = periaxial fascia (Fascia periaxialis); H = hypodermis; Ls = lateral spinal 
ligament (Ligamentum laterale spinale); Ml = muscle lamina (Lamina muscularis); MD = spinal 
cord (Medulla spinalis); MEe = ectomeninx (Meninx externa); MEm = intermeningeal tissue 
(Meninx intermedia); MM = myomere; MS = myoseptum; NC = notochord (Notochorda); NCl = 
elastica externa of the notochord (Lamina perinotochordalis); NCv = notorhcord sheath (Vagina 
notochordalis); S = dorsal vertical septum (Septum verticale dorsale). 
(figure cont’d) 
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Figure 7.66. Histological sections through the spinal cord and supporting connective tissues in 
the trunk region of a Sea Lamprey (Petromyzon marinus) to show their morphology. Symbols: * 
= helically oriented fiber bundles; + = longitudinally oriented fiber bundles. Letters: AR = 
arcuale (Arcus neuralis); Ca = adipose cell (Cellula adiposa); Cp = melanocyte (Cellula 
pigmentosa); CL = fat column (Columna adiposa); CLp = fibrous tunic of the fat column 
(Tunica fibrosa columnae adiposae); CLr = recess of the fat column (Recessus columnae 
adiposae); FAa = periaxial fascia (Fascia periaxialis); MD = spinal cord (Medulla spinalis); 
MEe = ectomeninx (Meninx externa); MEm = intermeningeal tissue (Meninx intermedia); MEn 
= endomeninx (Meninx interna); N = spinal nerve (Neurofibra peripherica); NCl = elastica 
externa of the notochord (Lamina perinotochordalis); NCv = notochord sheath (Vagina 
notochordalis).    
(figure cont’d.) 
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Figure 7.67. Histological transverse section (Slide L2D1-43, Ladewig Trichrome) through the 
notochord in the trunk region of a Sea Lamprey (Petromyzon marinus, DGHLAMP004) to show 
the morphology of the notochord. Symbols: * = helical collagen fiber bundles; + = reticular 
fibers supporting the vacuolated notochord cells. Letters: AR = arcuale (Arcus neuralis); Ca = 
adipose cell (Cellula adiposa); Cne = epithelial cells of the notochord (Cellula notochordalis 
epithelialis); Cnv = vacuolated cells of the notochord (Cellula notochordalis vacuolata); FAa = 
periaxial fascia (Fascia periaxialis); MD = spinal cord (Medulla spinalis); MEe = ectomeninx 
(Meninx externa); MEm = intermeningeal space (Meninx intermedia); MM = myomere; NCl = 
elastica externa of the notochord (Lamina perinotochordalis); NCs = notochord string (Filum 
notochordalis); NCv = notochord sheath (Vagina notochordalis); Va = periaxial vein (Vena 
periaxialis).   
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Figure 7.68. Mesoscopic image of a transverse section through the spinal cord, the notochord, 
and major blood vessels in the region of a Sea Lamprey (Petromyzon marinus, 
DGHLAMP017B). Letters: As = myoseptal artery (Arteria myoseptalis); AO = dorsal aorta 
(Aorta dorsalis); AR = arcuale (Arcus neuralis); Cnv = vacuolated cells of the notochord 
(Cellula notochordalis vacuolata); FAa = periaxial fascia (Fascia periaxialis); Ls = lateral spinal 
ligament (Ligamentum laterale spinale); MD = spinal cord (Medulla spinalis); MEe = 
ectomeninx (Meninx externa); MM = myomere; MS = myoseptum; NCl = elastica externa of the 
notochord (Lamina perinotochordalis); NCs = notochord string (Filum notochordalis); NCv = 
notochord sheath (Vagina notochordalis); R = kidney (Ren); Vd = right posterior common 
cardinal vein (Vena cardinalis posterior dextra); Vs = left posterior common cardinal vein (Vena 
cardinalis posterior sinister).   
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Figure 7.69. Histological horizontal sections (Slide L3Hori-7, Movat Pentachrome after Verhöff) 
through the elastica externa of the notochord in the trunk region of a Sea Lamprey (Petromyzon 
marinus, DGHLAMP016). (A) Image focused on external layer of elastica externa. (B) Image 
focused on the internal layer of the elastica externa. Letters: Fa = periaxial fiber bundles 
(Fasciculus periaxialis); FAa = periaxial fascia (Fascia periaxialis); NCl = elastica externa of 
the notochord (Lamina perinotochordalis); NCv = notochord sheath (Vagina notochordalis). 
(figure cont’d.) 
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Figure 7.70. Histological transverse serial sections through an arcuale and the notochord in the 
trunk region of a Sea Lamprey (Petromyzon marinus, DGHLAMP004). (A) Slide L2D1-28, 
Masson Trichrome with aniline blue. (B) Slide L2D1-29, Movat Pentachrome after Verhöff. (C) 
Slide L2D1-30, Azan after Geidies. (D) Slide L2D1-31, Ladewig Trichrome. Letters: AR = 
arcuale (Arcus neuralis); Ca = adipose cell (Cellula adiposa); Fa = periaxial fiber bundle 
(Fasciculus periaxialis); NCl = elastica externa (Lamina perinotochordalis); NCv = notochord 
sheath (Vagina notochordalis). 
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Figure 7.71. Histological transverse section (Slide L3Tr-1, Movat Pentachrome after Verhöff) 
through the notochord in the trunk of a Sea Lamprey (Petromyzon marinus, DGHLAMP016) to 
show the morphology of the notochord epithelium. Symbols: * = reticular fibers. Letters: Cne = 
epithelial cell of the notochord (Cellula notochordalis epithelialis); Cnv = vacuolated cell of the 
notochord (Cellula notochordalis vacuolata); NCv = notochord sheath (Vagina notochordalis).   
 
 
Figure 7.72. Histological transverse section (Slide L4-A) through the wall of the coelom in the 
trunk region of a Sea Lamprey (Petromyzon marinus, DGHLAMP009). Symbol: * = 
mesothelium lining the coelomic cavity. Letters: Ca = adipose cell (Cellula adiposa); Cp = 
melanocyte (Cellula pigmentosa); CO = coelom (Coeloma); COp = wall of the coelom (Coeloma 
parietalis); Fv = perivisceral fiber bundles (Fasciculus perivisceralis); FAv = perivisceral fascia 
(Fascia perivisceralis); Mc = central muscle fibers (Musculi centrales); Mp = parietal muscle 
fibers (Musculi parietales). 
246 
 A Structural Model of the Fibroskeleton 
 
The fibroskeleton is a concatenated system of fiber bundles extending between the dermis and 
the axial fibrous tunics. It forms a self-supporting scaffolding network that provides structural 
support and stability to the trunk by maintaining the organization of the musculature and by 
anchoring the integument and axial organs to the incompressible notochord, while also allowing 
a certain amount of deformation.  
The helically oriented fiber bundles of the dermis form the outer wall of the 
fibroskeleton. They are anchored to the rest of the fibroskeleton by the radial fiber bundles that 
arise from the basement membrane, cross the hypodermis, and continue as perimysial fiber 
bundles and myoseptal tendons. At the mid-dorsal line, the dermis is anchored to the apex of the 
wall of the fat column by the dorsal longitudinal ligament, which serves as a connective tissue 
node that braids together fiber bundles from the dermis, the hypodermis, and the dorsal vertical 
septum.  
At the level of the dorsal vertical septum, the fibers of the dorsal longitudinal ligament 
join the meshwork formed by the crisscrossing contralateral perimysial fiber bundles, which hold 
the left and right sides of the trunk together.  
Within the musculature, the oppositely orientation of the perimysial fiber bundles and the 
myoseptal tendons forms a crisscrossing network between the integument and the fibrous tunics 
of the axial organs. The perimysial fiber bundles form compartments that maintain the 
organization of the musculature and provide avenues for the arteries and nerves to supply the 
musculature and integument. They also maintain the organization and position of the myoseptal 
tendons as a result of the crisscrossing arrangement between the perimysial fiber bundles and the 
myoseptal tendons. The myoseptal tendons provide attachments for the muscle fibers and 
provide a pathway for force transmission to the dermis and the axial organs.   
Internally, the fibroskeleton is anchored to the axial fibrous tunics and to the notochord 
by the perimysial fiber bundles and the myoseptal tendons. The axial fibrous tunics are 
interconnected to one another by helical fiber bundles that pass among the fibrous tunics of the 
axial organs.  
 
 Functional Interpretation of the Morphology of the Lamprey Trunk 
 
The trunk is the primary organ of locomotion for lampreys (Gray 1933; Lighthill 1969; Gillis 
1996; Tytell 2004; Kern and Koumoutsakos 2006) and produces thrust through sinusoidal waves 
from the head to the tail. Therefore, it must be capable of bending concavely on one side and 
convexly on the contralateral side, and vice versa. The bending motion is powered by the 
myomeric musculature, which acts within the connective tissue framework of the fibroskeleton. 
What has been elusive until now is a causal explanation between the morphology of the skeleto-
muscular system and the bending movements of the trunk. The following section attempts at 
finding an answer to these longstanding questions.  
 
 The Functional Morphology of the Epidermis 
 
The epidermis of Sea Lampreys has been described as a stratified epithelium (Rodríguez-Alonso 
et al. 2017) and is interpreted as such here. Although skein cells maintain their connection to the 
basement membrane, the basal connection for the mucous and granular cells in the upper part of 
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the epidermis is lost. This differs from the European River Lamprey (Lampetra fluviatilis), 
whose epidermis has been described as a pseudostratified epithelium (Lethbridge and Potter 
1981).  
Based on the histological interpretations above (see Section 7.3.2.1), the lamprey 
epidermis, at least in Sea Lampreys, may be a transitional epithelium, which can be stretched and 
is usually found lining organs that undergo expansion, such as the mammalian bladder (Gartner 
and Hiatt 2007) and the python intestine (Starck and Beese 2001). In its relaxed state, such an 
epithelium appears multi-layered, the cells are tightly packed, and the basement membrane is 
wrinkled. In its stretched state, the number of cell layers appears reduced as the cells are 
stretched and enlarged and the basement membrane is stretched. This is a plausible interpretation 
of the histological appearance of the lamprey epidermis, which must stretch and relax as 
lampreys undulate the trunk during their normal behaviors of swimming, climbing waterfalls, 
and spawning (see Chapter 2).  
 
 The Functional Morphology of the Dermis 
 
The dermis of Sea Lampreys envelops the trunk like a sleeve and forms the wall of the trunk 
hydrostatic skeleton. The minimally extensive dermal fiber bundles resist the bulging of the 
myomeres when they contract and, thereby, pressurize the trunk. Due to its direct connection to 
the centrifugal myoseptal tendons and perimysial fiber bundles, the dermis also functions as an 
external tendon that transmits tensile forces generated by the contracting myomeres caudally to 
the tail.  
 The fiber bundles within the superficial layer of the dermis primarily secure the 
epidermis to the body and to minimize extensive wrinkling of the basement membrane that could 
cause drag. Their attachment to the basement membrane anchors the epidermis to the dermis and, 
thus, to the rest of the body. Their interwoven arrangement as they arise from the basement 
membrane forms a meshwork in which the dermal fiber bundles are interlaced and interlocked 
with one another (Fig. 7.73). This arrangement secures the basement membrane evenly and 
minimizes extensive wrinkling, which would undermine the streamlined profile of the trunk and 
would decrease the swimming efficiency. The number of fiber bundles required to perform this 
function need not be enormous, since collagen is minimally extensible and has a relatively large 
tensile strength. This would further explain why the fiber bundles within the superficial layer of 
the dermis are much smaller relative to those of the deep layer.      
The fiber bundles within the superficial layer of the dermis must be able to perform these 
functions, while allowing the trunk to bend and twist. Bending is possible based on the helical 
orientation of the dermal fiber bundles arising from the basement membrane by changing the 
spiraling angle of the helix.  
The fiber bundles in the deep layer of the dermis primarily maintain the internal pressure 
of the trunk by resisting the radial expansion of the myomeres when they contract. Potter and 
Welsch (1992) suggested that the dermis of lampreys may function analogously to the fascia 
enveloping the muscle bellies of tetrapods and that the dermis may help maintain the structural 
integrity of the myomeres. The latter function, they argued, would explain the increase in 
thickness of the dermis after metamorphosis, which marks the beginning of an active predatory 
lifestyle in comparison to the sedentary larval ammocoete stage of lampreys.  
The lamprey dermis multiple layers of helically oriented fiber bundles is similar to the 
fibrous walls of other pressurized structures. Scarr (2011, 2016) showed the importance of cross-
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fiber helical arrays of collagen fibers within the perimysium and epimysium of humans and has 
described these fascial layers as forming hierarchical helical tubes, which encase individual 
muscles, groups of muscles, entire limbs, and the entire body. These helical tubes resist the radial 
expansion of the musculature and, thereby, help to evenly transfer stresses throughout the 
connective tissue skeleton to coordinate complex movements and to provide mechanical 
feedback. Hence, the helical fiber orientation of the lamprey dermis, which effectively envelopes 
the myomeres, is likely functioning analogously to the perimysium and epimysium in tetrapods 
and may play a role in coordinating the cranio-caudal waves of contraction in swimming 
forward, as well as the caudo-cranial waves in swimming backwards.  
The Type I-like collagen composition of the lamprey dermal fibers is consistent with a 
system designed to resist the radial expansion of the trunk. Radial expansion would cause an 
increase in circumference and would place the dermis under tension. The Type I-like collagen of 
the dermal fibers would resist this tension in a way analogous to the tension resistance of Type I 
collagen in vertebrate tendon. The possible presence of Type II collagen within the dermis 
(Zhang et al. 2006) is also consistent with the dermis functioning to resist radial expansion. Type 
Figure 7.73. Diagrammatic view of the underside of the basement membrane and the dermal 
fiber bundles in the superficial layer of the dermis to show their interdigitation before forming 
organized helical layers. Letters: BM = basement membrane (Membrana basalis); E = epidermis; 
Fd = fiber bundles in the superficial layer of the dermis (Fasciculus dermidis). 
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II collagen forms more intermolecular cross-links than Type I collagen and would, therefore, 
increase the stability of the dermal fibers as they are stretched (Antipova and Orgel 2010).  
The arrangement of the lamprey dermal fiber bundles into alternating layers of left- and 
right-handed helices (Fig. 7.74A) has also been observed in the dermis of other piscine 
vertebrates (e.g., Motta 1977; Hebrank 1980; Meyer and Seegers 2012; Szewciw and Barthelat 
2017). The crossed-helical fiber array in these vertebrates has been shown to function 
theoretically (Alexander 1987; Frolich et al. 1994) and experimentally (Motta 1977; Wainwright 
et al. 1978; Hebrank 1980; Hebrank and Hebrank 1986; Craig et al. 1987; Naresh et al. 1997; 
Szewciw and Barthelat 2017) in accordance with the principles governing the walls of 
hydrostatic skeletons (see Chapter 5). Hence, the functional relationship between having a cross-
helical fiber arrangement of the dermis and maintaining a high internal pressure within the trunk 
can be plausibly applied to the dermis of Sea Lampreys.    
The function of the Sea Lamprey dermis in maintaining a high internal pressure is further 
supported by recent computational fluid dynamic modeling and experiments on body stiffness 
and flexibility in swimming lampreys (Tytell et al. 2010; Tytell et al. 2014; Tytell et al. 2016; 
Tytell et al. 2018). The results of these studies demonstrate that increases in local stiffness of the 
trunk coincides with the contraction of the myomeres (Tytell et al. 2018). Since the myomeres 
are activated both before and during bending (Williams et al. 1989), local stiffness increases 
when the myomeres contract to initiate bending on the concave side and when the myomeres are 
actively stretched on the convex side (Tytell et al. 2018). On the concave side just before a bend, 
an increase in local stiffness primes the muscle fibers before they shorten and, thereby, increases 
the efficiency by which muscle force can be converted into positive mechanical work 
(Nishikawa et al. 2012). Along the convex side of a bend, an increase in stiffness during active 
stretch stores elastic energy that can be recruited to straighten the body (Tytell et al. 2018). In 
either case, an increase in body stiffness is only possible if the radial bulge of the contracting 
myomeres is resisted by the minimally extensible fibers of the dermis in accordance with the 
hydrostatic principles described in Chapter 5.    
In summary, as the myomeres contract, the stiffness of the trunk increases, which is 
hydrodynamically important for locomotion (Tytell et al. 2010; Tytell et al. 2018). A stiffer trunk 
is able to direct a greater proportion of the undulatory energy to propulsion, rather than being lost 
to the wake (Tytell et al. 2016). Trunk stiffness is directly related to the internal body pressure, 
which is generated by the radial expansion of the contracting myomeres and the passive 
resistance of the dermal fiber bundles (Fig. 7.74B, C). Hence, the crossed-fiber helical array of 
the dermal fiber bundles increases the stiffness of the trunk while enabling the trunk to bend 
during undulation.  
     
 The Functional Morphology of the Radial Dermal Fiber Bundles 
 
The radial dermal fiber bundles anchor the epidermis and dermis to the body and interconnect 
the layers of helically oriented dermal fiber bundles (Fig. 7.75A). These functions put the radial 
fiber bundles under tension and explain the observation that the basement membrane dips 
inwardly at the attachment sites of the radial fiber bundles (e.g., Fig. 7.20). In life, the radial fiber 
bundles prevent large wrinkles from forming within the basement membrane. In the spaces 
between the attachment sites of the radial fiber bundles, the superficial dermal fiber bundles 
prevent smaller wrinkles from forming. The radial fiber bundles function like guy-ropes, which  
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Figure 7.74. Diagrams about the functional morphology of the helical dermal fiber bundles. (A) 
The dermal fiber bundles helically wrap around the trunk. (B) The helical dermal fibers resist the 
radial expansion of the contracting myomeres. (C) Close up diagrammatic view of the helical 
dermal fibers resisting the radial expansion of the contracting myomeres. Symbols: black arrows 
= radial force generated by expansion of contracting myomeres; red arrows = reaction force of 
the helical dermal fiber bundles. Letters: BM = basement membrane (Membrana basalis); Cfb = 
layer of fibroblast cells (Cellula fibroblastosa); Cg = granular cell (Cellula granulosa); Cm = 
mucous cell (Cellula mucosa); Cp = layer of melanocytes (Cellula pigmentosa); D = dermis; E = 
epidermis; Fd = dermal fiber bundle (Fasciculus dermidis); H = hypodermis. 
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Figure 7.75. Diagrams of the radial fiber bundles. (A) The radial fiber bundles receive 
subdivisions from the helical fiber bundles. (B) The radial fiber bundles hold the epidermis and 
dermis to the body and stabilize the layers of helical fiber bundles. Symbols: black arrows = 
forces generated by radially expansion of contracting myomeres; red arrows: reaction forces of 
the radial fiber bundles. Letters: BM = basement membrane (Membrana basalis); Cfb = layer of 
fibroblast cells (Cellula fibroblastosa); Cg = granular cell (Cellula granulosa); Cm = mucous 
cell (Cellula mucosa); Cp = melanocyte (Cellula pigmentosa); Cs = skein cell (Cellula 
filamentosa); D = dermis; E = epidermis; Fd = dermal helical fiber bundle (Fasciculus dermidis); 
Fdr = dermal radial fiber bundle (Fasciculus dermidis radialis); H = hypodermis. 
(figure cont’d.) 
 
are used for stabilizing free standing structures and automatically adjust their tension as needed 
(e.g., Hibbeler 2013). 
 The radial fiber bundles mechanically link the multiple layers of helical fiber bundles 
together as they pass through the dermis. Their continuity with the fiber bundles of the 
perimysial fascia and the myoseptal tendons (see Section 7.3.5) provides a fixed anchor point for 
the helical fiber bundles to converge on. Hence, tension from the helical fiber bundles are 
transferred to the radial fiber bundles, which act as a conduit for transferring these forces to the 
perimysial fiber bundles and the myoseptal tendons. Once the tension is released, the radial fiber 
bundles help maintain the proper organization of the layers of helical fiber bundles as they 
elastically recoil. This arrangement is qualitatively similar to fibrillar crimps, which are found 
within tendons and ligaments of terrestrial vertebrates. Fibrillar crimps are caused by sharp bends 
in otherwise parallel fibrils (Franchi et al. 2007b, 2010). The sudden directional change is due to  
the helical braiding of the fibrils, which twist as they bend. When tensile forces are applied to 
these fibrils, the crimps behave like knots of twisted fibers and do not completely straighten  
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(Franchi et al. 2007a). As a result, the knot-like crimps store energy, which recoils the stretched 
fibrils back to a relaxed state after the tensile load has been removed.  
 The radial fiber bundles may act as macroscopic analogues of fibrillar crimps. When 
fibers from the dermal helically oriented fiber bundles continue as the radial fiber bundles, their 
direction changes suddenly from longitudinal to transverse. The iterative braiding of fibers from 
multiple layers of helical fiber bundles into the radial fiber bundles gives rise to a knot-like 
morphology. Tension can be transmitted from the helical fiber bundles to the body via the radial 
fiber bundles, which effect a directional change in the transmitted force (Fig. 7.75B). This strains 
the radial fiber bundles and stores energy that can be used in the elastic recoil of the dermal 
helical fiber bundles once the myomeres relax. Furthermore, theoretical modeling suggests that 
the radial fiber bundles would act as pin joints, which ensure a more even distribution of stress 
among the fibers and occur at the point where helical fibers of opposite orientation cross (Frolich 
et al. 1994). 
 The radial fiber bundles also prevent the helical fiber bundles from being torn apart as 
they resist the radial expansion of the contracting myomeres (Fig. 7.75B). Any tendency for the 
dermal helical fiber bundles to spread apart would be resisted by the perpendicularly oriented 
radial fiber bundles. Hence, the radial fiber bundles provide stability for the multiple layers of 
helical fiber bundles and help maintain their organization.  
 
 The Functional Morphology of the Fibroblasts and Melanocytes of the Dermis 
 
Fibroblasts have been previously observed in the lamprey dermis (e.g., Johnels 1950; Potter and 
Welsch 1992; Wold et al. 2004) where they probably play a role in the maintenance and repair of 
the dermal collagen fiber bundles (Gartner and Hiatt 2007). The dermal fibroblasts stain the 
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same color as the hypodermal layer of presumed fibroblasts, which may be the source of the 
former. 
 The melanocytes within the superficial layer of the epidermis play a role in absorbing 
light and darkening the skin for countershading camouflage. The few melanocytes within the 
deep layer of the dermis are often found next to the radial fiber bundles, which probably serve as 
a trackway for the migration of the melanocyte from the dense layer of hypodermal melanocytes 
to the superficial layer of melanocytes in the dermis.      
 
 The Functional Morphology of the Dorsal Longitudinal Ligament 
 
The dorsal longitudinal ligament in lampreys has not been described previously. Potter and 
Welsch (1992) did not observe it in their histological analysis of the Pouched Lamprey (Geotria 
australis), the European River Lamprey (Lampetra fluviatilis), and the Short-headed Lamprey 
(Mordacia mordax). Although it is possible that a dorsal longitudinal ligament is present only in 
Sea Lampreys, its presence in other lamprey species may simply have been overlooked.  
The dorsal longitudinal ligament is formed through the iterative braiding of fiber bundles 
from the overlying dermis and surrounding hypodermis. The organization of the ligament 
resembles that of a rope and, therefore, suggests that the dorsal longitudinal ligament may 
function in tension resistance.  
 The dorsal longitudinal ligament comprises at least two types of fibers: Collagen and 
oxytalan fibers. The collagen fibers stain similarly to the Type-I like collagen fibers of the 
dermis. The oxytalan fibers stain similarly to fibers within the walls of arteries, which are known 
to contain oxytalan fibers. The arteries also contain smooth muscle, but the fibrous morphology 
of the oxytalan fibers within the longitudinal ligament rules out their being smooth muscle cells. 
Furthermore, it is functionally more plausible that the ligament contains an elastic component 
instead of smooth muscle.  
 The position of the dorsal longitudinal ligament along the mid-dorsal line and its 
morphological structure suggest that it may play at least two roles: It may prevent extreme dorsal 
flexion (kyphosis) of the trunk and may store elastic energy that can serve as a passive antagonist 
to the flexing musculature.  
When the trunk is dorso-ventrally flexed, the mid-dorsal side of the trunk is curved 
convexly and the dorsal longitudinal ligament is stretched until the collagen fiber bundles are 
pulled taunt and prevent further flexion. This mechanism provides additional trunk stabilization 
for lampreys that are climb over ledges and vertical walls during their upstream migrations (Fig. 
7.76A). When climbing, lampreys use short bursts of power to elevate their heads above the 
obstacle and attach onto a higher point as part of their upward progress. As they cling to surfaces 
by their suction mouths, their bodies hang down and may be partially out of the water and, 
therefore, exposed to gravitational forces. By preventing extreme flexion, the dorsal longitudinal 
ligament prevents the muscles of the body from being overstretched.  
The dorsal longitudinal ligament of lampreys may function analogously to the posterior 
longitudinal ligament in humans, which prevents extreme flexion, or kyphosis, of the vertebral 
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column by constraining the convexity of the spine (Standring 2008). In addition, this ligament 
performs a function that spans the entire vertebral column, although the fibers of the ligament are 
short and arise iteratively from the connective tissue of the intervertebral discs. This similar 
arrangement would further explain how the dorsal longitudinal ligament in lampreys is able to 
prevent extreme flexion along the entire trunk, yet is composed of shorter fiber bundles from the 
dermis and hypodermis that are iteratively braided together. 
During flexion of the lamprey trunk, the oxytalan fibers within the dorsal longitudinal 
ligament provide ligament elasticity, which is the capacity to be reversibly stretched without loss 
Figure 7.76. Diagrams about the functional morphology of the dorsal longitudinal ligament. (A) 
Diagram of a lamprey attached to a stone as it climbs a waterfall. The body is flexed due to the 
force of gravity (black arrow), which is resisted by the collagen and oxytalan fibers within the 
stretched dorsal longitudinal ligament (yellow arrows). (B) Diagram showing a free body force 
diagram of the dorsal longitudinal ligament. The black arrows correspond to the fiber bundles 
entering and leaving the ligament. 
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of energy, and resiliency, which is the capacity to convert stored energy into work for returning 
to the original state (Alexander 1983a; Vogel 2013). The resiliency of the dorsal longitudinal 
ligament provides passive resistance to flexion, either dorso-ventrally or laterally, which 
provides recoil energy and aids the muscles in straightening the body. Passive resistance to 
lateral flexion, which occurs during undulation, increases the mechanical efficiency of 
swimming by providing localized recoil during the successive waves of sinusoidal curvatures.  
The dorsal longitudinal ligament may further act to stabilize the trunk during locomotion 
by dampening the degree of twisting, or wobble of the body, which is caused by torsional forces 
in elongate fishes as they twist to the left and right while undulating (Donatelli et al. 2017) . 
Wobble is hypothesized to be advantageous for bony fishes, which have paired fins, and may 
generate lift when ascending through the water column (Donatelli et al. 2017). Lampreys do not 
have paired fins, but their trunks nevertheless twist side-to-side during lateral undulation. 
Although wobble in lampreys may have some as yet unseen advantage, such as serving to 
increase the sampling volume of the nasohypophyseal organ, twisting within the trunk would 
dampen the lateral transfer of force to the water and would reduce the propulsive power per 
energy expended. Since the dorsal longitudinal ligament would be stretched during wobble, the 
elasticity of its fibers would counteract the torsional forces and, thus, stabilize the body to 
improve locomotive power. The resistance to torsional forces by the dorsal longitudinal ligament 
would further stabilize the trunk when lampreys rest within the turbulent water of fast flowing 
streams during their spawning migrations. The body tends to be thrashed about by turbulent 
flows unless it is dampened by the passive resistance of the dorsal longitudinal ligament to 
extension and flexion. 
This function of dorsal longitudinal ligament is analogous to that of the predominantly 
elastic-fibered nuchal ligament in horses, which extends from the back of the skull to the 
prominent spinous processes of the first thoracic vertebrae. It is involved in the passive raising of 
the head. The elasticity of the nuchal ligament stores energy during the recoil while the head is 
raised and for dampening the oscillatory movements of the head during locomotion, especially 
galop (Gellman and Bertram 2002; Zsoldos and Licka 2015).  
 In order to perform these functions, the dorsal longitudinal ligament must be secured in 
place near the mid-dorsal line. The groups of fiber bundles originating from the dorso-lateral 
hypodermis and dermis would prevent the ligament from being pulled laterally or ventrally into 
the dorsal vertical septum, whereas the fiber bundles that leave the ligament and enter the 
vertical septum would prevent the ligament from being pulled dorsally (Fig. 7.76B).     
 
 The Functional Morphology of the Skeleto-Muscular System 
 
 The Functional Morphology of the Perimysial Fascia 
 
The oblique orientation and the biochemical composition of the perimysial fiber bundles (see 
Chapter 6) suggests that they resist the radial expansion of the contracting myomeric muscle 
fibers at the level of the muscle laminae and at the level of the trunk (Fig. 7.77A). As the internal 
pressure within the muscle laminae increases, the muscle fibers stiffen and their ability to 
perform positive mechanical work increases (Nishikawa et al. 2012).   
The perimysial fiber bundles also resist the overall radial expansion of the trunk by 
resisting the radial expansion of the muscle fibers. They will also be stretched when the length of 
one side of the trunk increases due to the longitudinal component of their oblique orientation. 
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Longitudinal stretching of the perimysial fiber bundles occurs on the convex side of the trunk 
during bending. However, the collagen within the perimysial fibers would resist the tension and 
would, therefore, counteract radial expansion and lengthening (Fig. 7.77B). By resisting the 
radial expansion of the contracting myomeres, the perimysial fiber bundles increase the stiffness 
of the trunk.   
This functional hypothesis would further explain the amalgamation of the perimysial 
fiber bundles into the larger perimysial ligaments within the periaxial and perivisceral fascia. By 
combining the fiber bundles into ligaments, the tensile forces of individual fiber bundles can be 
channeled into a common pathway, which can then be anchored to the notochord, dispersed 
amongst the tunics of helical fiber bundles enveloping the axial organs, or join with the 
myoseptal tendons (see below). In summary, the perimysial ligaments provide a focus for all of 
the constituent perimysial fiber bundles to pull against and, therefore, ensure a distribution of 
tensile forces among the fiber bundles that compose the ligaments.  
Since strained collagen fibers store elastic energy that can be recruited for positive work 
during recoil (see Chapter 5), perimysial fibers that are stretched during bending are contributing 
to the straightening of the body through their recoil. During regular undulatory swimming, the 
side-to-side bending stretches the perimysial fiber bundles near the mid-lateral region of the 
body. When the body is bent from side to side with more exertion during upstream migration and 
nest building, the perimysial fiber bundles in the dorsal and ventral regions, respectively, are also 
stretched (see Chapter 2). Hence, the resilience of the perimysial fiber bundles straightens the 
trunk during any behavior.  
 
 The Functional Morphology of Myosepta 
 
The 3D modeling of the shape of the lamprey myosepta revealed a far more complex spatial 
configuration than has usually been thought of based on observations of histological and 
mesoscopic sections of the trunk (e.g., Nursall 1956; Homberger and Walker 2004). The dorso-
ventral curvatures reflect the changing direction of the myoseptal tendons throughout the 
myosepta and provided a basis for building dynamic tension models. The shape of the myosepta 
and the enclosed myomeres is likely determined by the regime of physical forces that are 
pervasive  throughout the trunk during development (Rost et al. 2014), which would ensure that 
the active adult form is provided with the necessary anatomical basis for powering locomotion 
(Willemse 1966; Alexander 1969).       
 The thicker portions of the myoseptal tendons stained dichromatically like the dermal 
helical fiber bundles and, hence, are comprised of Type I-like and possibly Type II collagen. The 
collagen fibers leaving the myotendinous junctions to become the intermuscular and myoseptal 
tendons stained the same as Type I-like collagen fiber bundles in the dermis. Potter and Welsch 
(1992) also detected the presence of fibrils within the myosepta belonging to both collagen types. 
They also found that the fibrils leaving the myotendinous junction of the muscle fibers were of 
similar size to the fibrils composing the myoseptal tendons. Therefore, the collagen fibers that 
compose the myoseptal tendons are derived from those that attach to the myotendinous junctions 
of the muscle fibers.   
 The myoseptal tendons primarily transmit the tensile forces of the contracting muscle 
fibers to their attachments. They will also resist the radial expansion of the contracting 
myomeres and store elastic energy after being stretched (see also Section 7.5.4.1).  
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Figure 7.77. Diagrams showing the orientation and biomechanics of the perimysial fiber bundles. 
(A) Orientation of the fiber bundles (red lines). (B) Biomechanics of the fiber bundles resisting 
(red arrows) the radial and longitudinal expansion of contracting myomeres (black arrows). 
Letters: Fm = perimysial fiber bundle. Fx = x-component of force; Fz = z-component of force. 
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The collagenous myoseptal tendons resist tension and function analogously to the 
tendons of other vertebrates. The attachment of muscle fibers to the myoseptal tendons suggests 
that the contraction force is transmitted down the myoseptal tendons, rather than by traversing a 
myoseptum to the muscle fibers on the other side. When the muscle fibers contract, they will pull 
on the cranially located centripetal myoseptal tendons and simultaneously on the caudally 
located centrifugal myoseptal tendons (see Section 7.3.3.2). As the muscle fibers contract and 
shorten, the tensile force carried by the myoseptal tendons will pull against their cranio-medial 
and caudo-lateral attachments and will, therefore, cause the body to bend on the side of muscle 
contraction. 
Experimental work on scombrid fishes (e.g., tuna, mackerel, and bonitos) has 
demonstrated that the radial expansion of contracting myomeres also increases the tension within 
the myoseptal tendons (Westneat et al., 1993). This observation has at least two implications: 
First, the increased tension indicates that the myoseptal tendons resist radial expansion of the 
trunk and contribute to the increase in local pressure and stiffness of the trunk. Second, a radial 
expansion of cranial myomeres could pre-stretch caudal myosepta and remove any slack within 
the myoseptal tendons so that the contraction force of the caudal myomeric muscle fibers could 
be directly transformed into work.  
The collagen within the myoseptal tendons has as high degree of resilience and stores 
elastic energy whenever the myoseptal tendons are stretched. Stored elastic energy can be 
transformed into work. During bending, the myoseptal tendons are actively stretched on the 
concave side by contracting the muscle fibers and are passively stretched on the convex side as 
the body lengthens. On the side of contraction, the elastic energy storage in the myoseptal 
tendons contributes to the lengthening the muscle fibers by recoil, whereas on the opposite side, 
the elastic energy storage helps straighten the body. 
 The large intermuscular tendons within the dorsal and ventral portions of the myosepta 
likely function in dorso-ventral flexion and extension. Since the epaxial and hypaxial regions of 
the myomeres in lampreys can be differentially activated (e.g., Grillner and Wallén 1984; 
Buchanan 2011), the large intermuscular tendons in the ventral region would enable the hypaxial 
portion of the myomeres to flex the trunk, whereas those in the dorsal region would enable the 
epaxial portion of the myomeres to extend the trunk. This would explain the longitudinal 
orientation of the muscle fibers near the dorsal vertical septum and their attachments to the 
termini of the myosepta (see Section 7.3.3.2). The muscle fibers that attach to the myoseptal 
termini are located on either side of the vertical plane and would minimally contribute to lateral 
undulations of the body. Yet, their orientation is mechanically ideal for extending the trunk. The 
muscle fibers and myoseptal and intermuscular tendons near the mid-ventral line would 
contribute to the flexion of the trunk through a similar mechanism. 
 The radially oriented perimysial fiber bundles maintain the orientation of the myoseptal 
tendons, which are curved dorso-ventrally as they run within the myosepta (Vogel and Gemballa 
2000). They likely function analogously to an endo- or peritenons in terrestrial vertebrates 
(Kannus 2000). In addition, the perimysial fibers also support the myoseptal blood vessels.     
 
 The Functional Morphology of Myoseptal Adipocytes 
 
Adipose tissue is a viscoelastic material that can resist compression forces (Comley and Fleck 
2010, 2012; Shoham and Gefen 2016). The adipocytes within the myosepta may perform at least 
two functions: They provide structural stability to the myosepta by resisting compression, and, 
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since lipids are insoluble in water, they oppose the movement of fluid between adjacent 
myomeres. 
 The adipocytes are supported by the perimysial fiber bundles that cross through the 
myosepta to form a myoseptal adipose tissue. During the radial expansion of the contracting 
myomeres, the myoseptal adipose tissue experiences compression forces by the bulging muscle 
fibers and evenly transform the compressive forces into tensile forces that stretch the perimysial 
fiber bundles and myoseptal tendons.  
This functional hypothesis is supported by the hexagonal cross-sections of the fat cells 
observed in the histological analysis (Fig. 7.64). In general, when incompressible spheres are 
squeezed together, they form truncated octahedrons, or orthotetrakaidecahedrons, which have 14 
sides with eight hexagonal sides and six square sides (Thompson 1942; Vogel 2013). This spatial 
configuration minimizes the surface area of compressive exposure for each sphere. The 
observations of some myoseptal adipocytes with a hexagonal cross-section supports the 
interpretation that they are under compression (Fig. 7.64). 
The adipocytes may also function to prevent water from moving through the myosepta 
between adjacent myomeres. The bulk flow of extracellular water through the myosepta from 
one myomere to the next would be driven by the pressure increase within the muscle blocks 
during contraction of the muscle fibers. However, if water flow through the myosepta is resisted, 
then the internal pressure of the muscle blocks can be maintained. The adipocytes increase the 
thickness of the myosepta and would act as structural obstructions to the bulk flow of water.  
 
 Redefining the Term ‘Myoseptum’ 
 
The myosepta are a critical component in the biomechanical modeling of piscine locomotion. 
Therefore, the representational accuracy and the explanatory adequacy of a biomechanical model 
is dependent upon the input of accurate background knowledge and concepts about the structure 
and function of myosepta. Historically, the myosepta of piscine vertebrates have been described 
as plates (Wake 1979) or partitions (Weichert 1965; Kardong 2009) of connective tissue that 
separate adjacent myomeres from one another (Barrington 1979; Liem et al. 2001; Kardong 
2009). As a result, biomechanical models have assumed that the myomeric muscle fibers attach 
to the sheet-like myosepta and transmit their force directly to the muscle fibers on the other side 
(e.g., Alexander 1969; Videler 1993; Van Leeuwen 1999; Shadwick and Gemballa 2006). The 
mesoscopic and histological analysis of the Sea Lamprey myosepta demonstrated, however, that 
their hierarchical organization as emergent structures comprising myoseptal tendons, perimysial 
fiber bundles, blood vessels, and adipocytes, rather than being mere sheets of connective tissue.  
 The traditional view of myosepta as relatively simplistic connective tissue sheets or 
partitions that transmit muscle force from one myomere to the next began with the descriptions 
by early anatomists that the trunk muscle of fishes appeared to be subdivided by tendinous 
aponeuroses (Cuvier 1802; Grant 1841). Early on, the sheet-like myosepta were interpreted as 
directly transferring contraction forces from one myomere to the next (Carlisle 1806). Richard 
Owen further emphasized the partition-like conceptualization of the myosepta through his 
emphasis on “the essential individuality” of the myomeres (Owen 1846, p. 164; Owen 1866), 
which fit neatly into his theory of vertebrate segmentation. Although Owen’s theory of vertebrate 
segmentation was controversial, anatomists adopted the idea that connective tissue septa were 
characteristic of all segmented muscles, whether in the trunk muscle of fish or mammals (e.g., 
Humphry 1872). Developmental studies in the late 19th and early 20th century further reinforced 
260 
the concept that the myosepta were simple sheets of connective tissue derived from the 
sclerotome, which separated and serially subdivided the myotomes in developing embryos (e.g., 
Gegenbaur 1878; Goodrich 1930). This structural and functional conceptualization was 
incorporated within the biomechanical models of the latter half of the 20th century (e.g., 
Alexander 1969; Van Leeuwen 1999; but see Wainwright 1983), even in spite of growing 
attention for the complexity of the myoseptal fiber arrangements (Willemse 1966, 1972). 
The results of the mesoscopic and histological analysis of the Sea Lamprey myosepta in 
combination with previous studies on the myosepta of lampreys (e.g., Potter and Welsch 1992; 
Vogel and Gemballa 2000) and other piscine vertebrates (e.g., Gemballa 1998; Gemballa and 
Vogel 2002; Gemballa et al. 2003) have greatly increased the accuracy of the structural and 
functional interpretation of the myosepta. These studies have demonstrated that each component 
of a myoseptum performs a distinct function and that neither the components nor their functions 
are synonymizable with the higher-level organization of the myoseptum itself. In other words, 
the myosepta are not structurally or functionally reducible to their parts. Although the myosepta 
can be described in terms of the functions of their parts, there is a danger in conflating the 
functioning of the parts with the functioning of the whole, especially when structure-function 
relationships are not precisely defined.  
When a single term, such as ‘myoseptum’, picks out, or denotes multiple referents, such 
as myoseptal tendons, perimysial fiber bundles, blood vessels, and adipocytes, whose distinction 
is inductively and explanatorily significant, then the denotation of the original term should be 
refined (Field 1973). Following recent work on the hierarchical organization of organisms and 
the importance of recognizing the part-whole relationship of complex structures and functions 
(Winther 2006, 2011; Wake 2008), I propose that the concept in piscine vertebrate anatomy that 
is referred to by the term ‘myoseptum’ be revised in light of the recent anatomical results 
revealing the complexity of the myosepta. Myosepta should be recognized as composite 
structures that are characterized by their anatomical location instead of by the functions of their 
parts.    
 
 The Functional Morphology of the Axial Organs 
 
 The Functional Morphology of the Fat Column 
 
The structure of the fat column indicates that it functions as a hydrostatic skeleton (see Chapter 
5). The medulla contains incompressible fat and fluid, which is enveloped by the helically 
oriented collagen fibers of the fibrous tunic. The high fat component also suggests that the fat 
column is a viscoelastic structure with properties of fluids and solids. For example, if the fat 
column is compressed at some point along its length, it will bulge in response on either side of 
the point of compression. The degree of bulging will be limited by the collagenous helical fibers 
forming the fibrous tunic of the fat column. These fibers will store elastic energy, which will 
help the fat column re-establish its shape once the compression is released. These viscoelastic 
properties of the fat column may contribute to coordinate pre-stretching of the fibers that 
compose the fibrous tunic. 
When the myomeres contract and radially expand, the fat column is squeezed and bulges 
cranially and caudally from the site of compression. Bulging will be limited by the extensibility 
of the fibrous tunic, which is connected to the perimysial fiber bundles and the centripetal 
myoseptal tendons. Hence, as the fiber bundles of the fibrous tunic are stretched, the fibers 
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within the perimysial fiber bundles and myoseptal tendons cranial and caudal to the site of 
compression will be tensed. As waves of contraction pass down the body during undulation, 
waves of bulging will be generated. During forward locomotion, the caudal bulge tenses the 
myoseptal tendons and perimysial fibers connecting to and enveloping the myomeres that are 
about to contract as the wave propagates down the body. During backward locomotion, the 
cranial bulge tenses the muscle fibers of the myomeres that are about to contract as the wave 
propagates up the body.   
 The viscoelasticity of the fat column would also contribute to straightening the trunk after 
flexing or twisting. The location of the fat column between the mid-dorsal portion of 
musculature and the notochord would cause the fat column to be compressed when the body is 
flexed or twisted. The viscoelasticity and resilience of the medullary tissue would store elastic 
energy and help the muscle fibers in the dorsal part of the trunk to straighten the trunk after 
flexion or twisting.  
 
 The Functional Morphology of the Ectomeninx 
 
The fibers of the ectomeninx are continuous with the perimysial fiber bundles and the myoseptal 
tendons and are Type I-like collagen based (see also Nakao 1979; Potter and Welsch 1992). 
When these fiber bundles are tensed, they pull on the ectomeninx and maintain the dorsal arch 
formed by the ectomeninx forms over the vertebral canal. In other words, the fibers of the 
ectomeninx resist pressure because they are under tension and, therefore, avoid compression of 
the vertebral canal. The structural integrity of the ectomeninx is further enhanced by the arcualia, 
which anchor the helical fibers of the ectomeninx. Since the perimysial fibers attach laterally to 
the arcualia, tension within the perimysial fibers pulls the arcualia laterally, which increases the 
centrifugal tension on the helical fibers of the ectomeninx. Hence, the radial expansion of the 
contracting myomeres, which tends to compress the vertebral canal, actually increases the 
tension in the perimysial fiber bundles. This tension, in turn, pulls on the arcualia, which exerts a 
pull on the helical fibers of the ectomeninx and, thereby, maintains the dorsal arch of the 
ectomeninx. 
 
 The Functional Morphology of the Notochord 
 
The notochord is a hydrostatic skeleton with a core of incompressible vacuolated cells that are 
surrounded by the tension-resisting notochordal sheath which is anchored to the helical fiber 
bundles of the periaxial fascia through the thin outer elastica externa. These four layers together 
make the notochord into a stiff, incompressible rod and the primary component of the axial 
skeleton (Barrington 1979; Hardisty 1981). 
 The incompressibility of the notochord is necessary to prevent the trunk from telescoping 
when the myomeres contract. Instead, the notochord provides a fulcrum against which the 
myomeres can act to bend the body (Goodrich 1930; Long 1995; Koehl et al. 2000). When the 
myomeres contract, they shorten longitudinally, but this shortening is resisted by the notochord, 
but when the myomeres contract unilaterally, the notochord bends toward the side of the 
contraction. Similarly, when either the dorsal or ventral portions of the myomeres contract, the 
notochord will either bend ventrally or dorsally. 
The notochord also provides a firm anchor point for the fibroskeleton and, therefore, 
tension within the fibroskeleton can be channeled to the notochord and turned into work for 
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bending the trunk. Furthermore, since the notochord lies in the center of the trunk, actions that 
are performed by the musculature on one side of the trunk can be coordinated with reactions by 
the musculature on the other side through their common connection to the notochord. In other 
words, the notochord is able to systematically integrate the biomechanical actions of the trunk 
and serves as a node for balancing the distribution of forces within the fibroskeleton on either 
side of the body. 
The notochord may also increase the flexural stiffness of the Sea Lamprey trunk. In 
hagfishes, whose notochord has a similar structure to that of lampreys, the flexural stiffness due 
to the notochord amounts to 75% of the total flexural stiffness of the trunk (Long et al. 2002b). 
This large contribution by the thin notochord to the flexural stiffness of the entire trunk was 
attributed to the osmotic pressure of the vacuolated cells within the notochord (Long et al. 2006). 
It is likely that the lamprey notochord contributes in an analogous way to the flexural stiffness of 
the trunk.  
 Furthermore, the notochord may also increase the flexural damping of the Sea Lamprey 
trunk, as the hagfish notochord contributes 80% to the flexural damping of the trunk (Long et al. 
2002b, 2006). Flexural damping stabilizes undulations when they approach the resonant 
frequency of the notochord. If these frequencies were equal, the resulting internal stresses of the 
notochord would violently increase. Yet, undulating near the resonance frequency of the trunk 
greatly reduces energy costs and takes advantage of the stored elastic energy when tissues are 
stretched (Long and Nipper 1996). When Long et al. (2002b) measured the ratio of flexural 
stiffness to dampness, they found that the hagfish notochord maintained a constant ratio of about 
7 irrespective of the frequency of undulation. This means that the flexural stiffness and 
dampening are adjusted depending on the undulation frequency to produce a nearly constant 
dynamic stability across a range of swimming speeds. By maintaining a dynamically stable 
notochord, the myomeres can adjust the stiffness of the body so that its resonance frequency 
matches the undulation frequency, and this is likely to be the case also for the lamprey 
notochord. 
 
 The Arcualia 
 
The arcualia may function as sesamoids that transmit forces from multiple directions to the 
centrally placed notochord. This interpretation would explain their location at the confluence of 
fiber bundles coming from multiple directions and the irregularity of their shape observed in the 
histological analysis (see also Tretjakoff 1926; Hardisty 1981). The arcualia may also function to 
strengthen the wall of the fat column and help maintain the dorsal archway of the ectomeninx 
that is necessary for the reasons described in the section on the ectomeninx above (see Section 
7.3.4.3). 
 
 The Functional Morphology of the Wall of the Coelom 
 
The wall of the coelom is formed by two layers of connective tissue fibers that are continuous 
with the myoseptal tendons and the perimysial ligaments and are, therefore, based on the same 
Type I-like collagen. As the myoseptal tendons and perimysial ligaments approach the coelomic 
wall, they assume an orientation parallel with the helical fibers within the wall. Since the 
coelomic wall lacks a rigid structure onto which fibers can attach, once the myoseptal tendons 
and perimysial ligaments join the wall, they must continue along the helical fiber pathways until 
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they reemerge as myoseptal tendons or perimysial ligaments within another myoseptum or 
perimysial fascia sheet, respectively. Hence, there is continuity between the myoseptal tendons 
and the perimysial ligaments in the ventral half of the body in the same manner as at the level of 
the notochord.  
 The fiber bundles within the wall of the coelom support one another to form an internal 
space that is the coelomic cavity. The self-supporting arrangement of the fiber bundles within the 
coelomic wall are functioning in a way analogous to lace design in textiles, wherein fibers are 
curved around one another in order to produce non-collapsible spaces (Fig. 7.78). The curvature 
of the fibers need only be minimal in order to form an internal space (Fig. 7.79). A similar 
arrangement in the wall of the Sea Lamprey coelom enables fibers to transmit tension without 
directly pulling onto the coelomic wall.      
The helical orientation of the fiber bundles in the wall of the coelom indicates that the 
coelom itself may function as a hydrostatic skeleton. However, pressurization of the coelomic 
cavity must be selective, since the gametes are shed directly into the coelomic cavity in lampreys 
and any increase in pressure will ejaculate them. The ovaries of female lampreys ovulate directly 
into the coelomic cavity, rather than into a muscular uterine tube (Hardisty 1971). During 
spawning, eggs are expelled from the coelom through the abdominal pores. This is why eggs can 
be collected by applying gentle pressure to the abdomen of gravid female lampreys at their 
abdominal pores (Nikitina et al. 2009). This, however, also suggests that under normal 
circumstances there are no pressure changes within the coelomic cavity so that eggs are not lost 
before spawning. However, at the moment of spawning, lampreys contort their bodies (Chapter 
2). The male twists itself around the female, while the female arches her trunk in extreme 
flexion. Both sexes assume configurations that compress the coelomic cavity and, thereby, 
increase pressure on the coelomic cavity of the female to expel her eggs,  
One additional reason why the coelomic cavity is unlikely to be pressurized involves the 
pressure-sensitivity of the kidneys. In general, the normal resting pressure within the abdominal 
cavity is near zero, but may fluctuate slightly positively or negatively depending on the 
individual or the species (humans—Overholt 1931; Sugrue 1995; De Keulenaer et al. 2009; 
ruminants—Hartman 1973; Dyce et al. 2010; crocodilians—Andrews et al. 2000).6 Experiments 
in mammals have shown that a sustained increase in abdominal pressure causes decreased renal 
blood flow and glomerular filtration rate, which leads to acute renal failure (Bradley and Bradley 
1947; Harman et al. 1982; Shibagaki et al. 2006). Normal functioning of the kidneys can be 
restored by decompressing the abdomen (Harman et al. 1982). The negative effects of sustained 
abdominal pressure are recognized by medical professionals, who have expanded their 
understanding of abdominal pathologies by recognizing the importance of maintaining low 
resting abdominal pressures (e.g., Cheatham 2009; Sugerman 2011). On the other hand, the 
biological importance of maintaining a low resting abdominal pressure explains the functional 
advantages of purposely increasing the abdominal pressure. For example, chondrichthyans are 
thought to increase their abdominal pressure by total contraction of their hypaxial muscles in 
order to evert their stomachs out of their mouths to rinse out unwanted contents (Sims et al. 
2000; Brunnschweiler et al. 2005). Crocodilians increase their abdominal pressure by contracting 
their abdominal muscles in order to vomit contents from their stomachs (Andrews et al. 2000). 
                                                 
6 Pregnancy causes a slight increase in abdominal pressure, and pregnant women are clinically considered to have 
low end intra-abdominal hypertension (Chun et al. 2012). Abdominal pressure is minimized during pregnancy due to 
the adaptive changes of the diaphragm and abdominal wall that increase the volume of the abdomen (Chun and 
Kirkpatrick 2012).  
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Humans increase their abdominal pressure by contracting the abdominal muscles and the 
diaphragm in order to stabilize and stiffen the lumbar vertebrae during postural changes or heavy 
lifting (Cresswell et al. 1994; Hodges et al. 2005). The evolution of the diaphragm provided 
mammals with direct control for increasing their abdominal pressures and opened new 
opportunities for locomotion and behavior (Perry et al. 2010). Hence, the internal pressure within 
the lamprey coelom is likely near zero while resting and locomoting, but is elevated during 
spawning by the contortions that a spawning pair assumes. 
 
Figure 7.78. Lace pattern as a model of a self-supporting structure based on fibers that curve 
around one another. In the center of the image is a circular space, which is maintained by the 
radially oriented threads. This would be an analogy for the coelomic wall as the circular space 
and the perimysial fibers as the radially oriented threads. 
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 The Functional Morphology of the Fibroskeleton as a whole 
 
Biomechanical modeling synthesizes the functional roles of each anatomical component into a 
mechanical system that can explain how Sea Lampreys bend their trunk. The following 
biomechanical model incorporates fundamental physical principles from material mechanics and 
beam theory (see Chapter 5) in combination with the results from the anatomical analyses. 
 As demonstrated by the mesoscopic and histological analyses, the trunk of a Sea 
Lamprey is a complex structure and involves multiple organs and fiber types and directions. This 
complexity and the lack of experimental data about the material properties of lamprey tissues 
limits the biomechanical modeling of the trunk. Nevertheless, an analysis of the force profile of 
the fibroskeleton is possible, at least with appropriate simplifications. Hence, the proposed model 
is restricted to the horizontal plane at the level of the notochord. At this level, the mechanically 
relevant structures are in a single plane and can be analyzed two-dimensionally.  
 The bending of a lamprey trunk segment is a dynamic action between the beginning state 
that is characterized by a straight trunk to the end state that is characterized by a fully bent trunk 
(Fig. 7.80). A free-body force diagram analysis is performed on the straight trunk segment at the 
instant the myomere contracts to model the force regime causing bending, whereas the curved 
trunk segment is analyzed at the instant the myomere ceases contracting to model the force 
regime causing straightening. In order to functionally explain the movements of the lamprey 
trunk, the model of the straight trunk segment must predict bending moments that cause bending, 
whereas the model of the curved trunk segment must predict bending moments that cause 
straightening (Fig. 7.81). 
 
Figure 7.79. Images of spooled thread (i.e., Sternlifaden) as a model to show how slightly curved 
fibers can form a cylindrical cavity. (A) Overview of spool. (B) Oblique view to show how the 
layers of fibers form a cylindrical wall. 
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Figure 7.80. Diagrammatical basis of biomechanical model. (A) Straight trunk segment. (B) 
Curved trunk segment. 
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Figure 7.81. The biomechanical model predicts the net forces (black arrows) required to bend 
and straighten the trunk. 
 
 Biomechanical Model of the Straight Trunk Segment 
 
The biomechanical consequences at the instant a myomere on the left side of the body contracts 
are modeled (Fig. 7.82). A narrative description of the biomechanical model of the straight trunk 
segment is as follows: 
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The Contraction of the Myomere Generates Force. The active element of the model is the 
contraction of the myomere. All other forces are reactive. The pull of the muscle fibers generates 
a distributed load on the myoseptal tendons and is modeled as a point load near the center of the 
myomere. The net force generated by the contracting myomere, FC, is oriented parallel to the 
muscle fibers. Upon contraction, the myomere also radially expands, which produces a bulging 
force, FB, oriented perpendicular to the muscle fibers.   
The Contraction Force of the Myomere is Resisted by the Myoseptal Tendons. At the 
cranial attachment (White Circle), the contraction force, FC, is resisted by the centripetal 
myoseptal tendon, FTP, whereas at the caudal attachment (Orange Circle) the contraction force is 
resisted by the centrifugal myoseptal tendon, FTF. The positive x-component of FTP and the 
negative x-component of FTF is resisted by the radial expansion of the bulging muscle fibers, FB. 
The formulae for these free-diagrams are: 
 
(Eq. 7.1)   Centripetal Myoseptal Tendon (White Circle) 
∑ ?⃑?𝑇𝑜𝑡𝑎𝑙 = ?⃑?𝑇𝑃 + ?⃑?𝐶 + ?⃑?𝐵 = 0  
∑𝐹𝑥 = 𝐹𝑇𝑃 sin 𝜃 − 𝐹𝐵𝑥 = 0  
∑𝐹𝑦 = 𝐹𝑇𝑃 cos 𝜃 − 𝐹𝐶𝑦 = 0  
 
(Eq. 7.2)   Centrifugal Myoseptal Tendon (Orange Circle) 
∑ ?⃑?𝑇𝑜𝑡𝑎𝑙 = ?⃑?𝐵 + ?⃑?𝐶 + ?⃑?𝑇𝐹 = 0  
∑𝐹𝑥 = 𝐹𝐵𝑥 − 𝐹𝑇𝐹 sin 𝜃 = 0  
∑𝐹𝑦 = 𝐹𝑇𝐹 cos 𝜃 − 𝐹𝐶 = 0  
 
Based on the equations, the contraction force, FC, is not opposed by the bulging force, FB, of the 
contracting fibers. Rather, the bulging force resists the reaction force of the myoseptal tendon in 
the x-direction, which would otherwise pull the muscle fibers toward the body at their cranial 
attachment and away from the body at their caudal attachment. 
 The Tension within the Centripetal Myoseptal Tendon is Resisted by the Notochord. At 
the attachment of the centripetal myoseptal tendon to the notochord (Yellow Circle), the tension 
within the tendon, FTP, is resisted in the y-direction by the longitudinal stiffness of the notochord, 
FNC, and in the x-direction by the flexural stiffness of the notochord, FNS. Since the longitudinal 
stiffness of the notochord is due to its capacity to resist compression, the resistance of the 
notochord in the y-direction will equal the y-component of the tension within the tendon. 
Therefore, in order to bend the notochord, the flexural stiffness of the notochord must be less 
than the x-component of the tension within the centripetal myoseptal tendon. Hence, the 
magnitude of the flexural stiffness of the notochord will be less than the magnitude of the tension 
within the tendon. The difference is these two forces will cause a counterclockwise moment (MZ) 
at point Z. The formulae for the free-body diagram are: 
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Figure 7.82. Biomechanical model of straight trunk segment. Symbols: colored circles = free-
body force diagrams (see text for description); black arrows = force vectors; white star = center  
(caption cont’d.) 
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of trunk segment. Letters: β = angle between the perimysial fiber bundles and the central axis; θ 
= angle between the myosepta and the central axis; FB = force of bulging myomere; FC = force of 
myomere contraction; FD = tension force on dermis; FNC = force of notochord resistance to 
compression or extension; FNS = force due to flexural stiffness of notochord; FP = tension force 
on perimysial fiber bundles; FTF = tension force on centrifugal myoseptal tendons; FTP = tension 
force on centripetal myoseptal tendons; Z = center of trunk segment. 
 
(Eq. 7.3) Centripetal Myoseptal Tendon Attachment to the Notochord (Yellow Circle) 
∑ ?⃑?𝑇𝑜𝑡𝑎𝑙 = ?⃑?𝑁𝐶 + ?⃑?𝑁𝑆 + ?⃑?𝑇𝑃 ≠ 0  
∑𝐹𝑥 = 𝐹𝑁𝑆𝑥 − 𝐹𝑇𝑃 sin 𝜃 ≠ 0  
∑𝐹𝑦 = 𝐹𝑁𝐶𝑦 − 𝐹𝑇𝑃 cos 𝜃 = 0  
𝑀𝑍 = (𝐹𝑁𝑆𝑥 − 𝐹𝑇𝑃 sin 𝜃)𝑑𝑍 
 
The counterclockwise moment, MZ, at point Z is a bending moment.  
The Tension within the Centrifugal Myoseptal Tendon is Resisted by the Dermis and the 
Perimysial Fiber Bundles. At the point where the centrifugal myoseptal tendon attaches to the 
dermis via the radial fiber bundles (Purple Circle), the y-component of the tension within the 
centrifugal tendon, FTF, will be resisted by the dermis, FD2. The y-component of the tension 
within the tendon will also be resisted by the perimysial fiber bundles, FP1, that attach to the 
dermis both near the attachment of the tendon. The perimysial fiber bundles will also resist the 
stretch tension, FD2, within the dermis caused by bulging myomeres. The x-component of the 
tension within the centrifugal myoseptal tendon will be resisted by the incompressible bulk of 
flesh, FF, of the next caudal myomere. All of these forces will be equal to one another. The 
formulae for the free-body diagrams are:  
 
(Eq. 7.4) Centrifugal Myoseptal Tendon Attachment to the Dermis (Purple Circle) 
∑ ?⃑?𝑇𝑜𝑡𝑎𝑙 = ?⃑?𝐷2 + ?⃑?𝑇𝐹 + ?⃑?𝐷1 + ?⃑?𝑃1 + ?⃑?𝐹 = 0  
∑𝐹𝑥 = 𝐹𝑇𝐹 sin 𝜃 + 𝐹𝑃1 sin 𝛽 − 𝐹𝐹𝑥 = 0  
∑𝐹𝑦 = 𝐹𝐷2𝑦 + 𝐹𝑇𝐹 cos 𝜃 − 𝐹𝐷1𝑦 − 𝐹𝑃1 cos 𝛽 = 0  
 
The relationship between the centrifugal myoseptal tendon and the perimysial fiber bundles is 
due to their mutual attachment to the dermis, which is pulled against by both.  
 The Bulging Force of the Radially Expanding Myomere is Resisted Medially by the 
Notochord. The bulging force, FB, is resisted medially by the incompressibility of the notochord, 
FNC (Blue Circle). Since the notochord is incompressible, these two forces will be equal. Both 
forces are distributed loads, which can be simplified to a single axis analysis. The formula for the 
free-body diagram is: 
 
(Eq. 7.5)  Bulging Force on the Notochord (Blue Circle) 
∑𝐹𝑥 = 𝐹𝐵𝑥 − 𝐹𝑁𝐶 = 0  
 
The Bulging Force of the Radially Expanding Myomere is Resisted Laterally by the 
Dermis. The bulging force, FB, on the dermis will act in both the x- and y-directions due to the 
ability of the helical fiber orientation to accommodate slight increases in diameter (Green 
Circle). In a free-body diagram located at center point between the attachments of adjacent 
myoseptal tendons, the distribution of the bulging force is represented as two forces at opposing 
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45° angles. The dermal fibers will resist being stretched in the y-direction, FD2 and FD3, but will 
not oppose the x-component of the bulging force. Hence, the dermis will be pushed in the x-
direction until the fibers are maximally strained. In order words, the forces in the x-direction will 
be unbalanced. The formulae for the free-body diagram are:    
 
(Eq. 7.6)   Tension Force on the Dermis (Green Circle) 
∑ ?⃑?𝑇𝑜𝑡𝑎𝑙 = ?⃑?𝐷3 + ?⃑?𝐵 + ?⃑?𝐷2 + ?⃑?𝐵 ≠ 0  
∑𝐹𝑥 = −2𝐹𝐵 sin 45 ≠ 0  
∑𝐹𝑦 = 𝐹𝐷3 + 𝐹𝐵 sin 45 − 𝐹𝐷2 − 𝐹𝐵 sin 45 = 0  
 
The forces along the y-axis are equal to zero because the point is equidistant between the 
attachments of two adjacent myoseptal tendons. Therefore, this point will not translate in the y-
direction, but it will translate in the x-direction. As a result, the dermis will bulge outward. 
The Perimysial Fiber Bundles will also Resist the Bulging Force of the Radially 
Expanding Myomere. The perimysial fiber bundles, FP2, will resist the bulging force, FB, because 
they will resist the translation of the dermis in the x-direction that is caused by the bulging force 
(Black Circle). The y-component of the tension within the perimysial fiber bundles, in turn, will 
be resisted by the dermis, FD4. The formulae for the free-body diagram are: 
 
(Eq. 7.7) Resistance of Bulge by the Perimysial Fiber Bundles (Black Circle) 
∑ ?⃑?𝑇𝑜𝑡𝑎𝑙 = ?⃑?𝐷3 + ?⃑?𝐵 + ?⃑?𝐷2 + ?⃑?𝐵 = 0  
∑𝐹𝑥 = 𝐹𝑃2 sin 𝛽 − 𝐹𝐵𝑥 = 0  
∑𝐹𝑦 = 𝐹𝐷4 − 𝐹𝑃2 cos 𝛽 − 𝐹𝐷3 = 0  
 
The Tension within the Perimysial Fiber Bundles is Resisted Medially by the Notochord. 
The tension within the perimysial fiber bundles, FP1, caused by the pull on the caudo-lateral 
myoseptal tendon and the tension within the perimysial fiber bundles, FP2, caused by the tension 
in the dermis will both be resisted by the notochord at their medial attachments (Gray and Brown 
Circles). The y-component of the tension within the perimysial fiber bundles will be resisted by 
the incompressibility of the notochord, FNC, whereas the x-component of the tension within the 
perimysial fiber bundles will be resisted by the flexural stiffness of the notochord, FNS. Since the 
incompressibility of the notochord will equally oppose the y-component of the tension within the 
perimysial fiber bundles, the x-component of the tension within the perimysial fiber bundles 
must be greater than the flexural stiffness of the notochord in order for the notochord to bend. As 
a result, two clockwise moments are produced at the point, P. The formulae for the free-body 
diagrams are: 
 
(Eq. 7.8)   Perimysial Fiber Attachments to the Notochord 
(Gray Circle) 
∑ ?⃑?𝑇𝑜𝑡𝑎𝑙 = ?⃑?𝑃2 + ?⃑?𝑁𝑆 + ?⃑?𝑁𝐶 ≠ 0  
 ∑𝐹𝑥 = 𝐹𝑁𝑆 − 𝐹𝑃2 sin 𝛽 ≠ 0  
∑𝐹𝑦 = 𝐹𝑃2 cos 𝛽 − 𝐹𝑁𝐶 = 0  
𝑀𝑍 = (𝐹𝑁𝑆 − 𝐹𝑃2 sin 𝛽) 𝑑𝑍 
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(Eq. 7.9)     (Brown Circle) 
∑ ?⃑?𝑇𝑜𝑡𝑎𝑙 = ?⃑?𝑃1 + ?⃑?𝑁𝑆 + ?⃑?𝑁𝐶 ≠ 0  
 ∑𝐹𝑥 = 𝐹𝑁𝑆 − 𝐹𝑃1 sin 𝛽 ≠ 0  
∑𝐹𝑦 = 𝐹𝑃1 cos 𝛽 − 𝐹𝑁𝐶 = 0  
𝑀𝑍 = (𝐹𝑁𝑆 − 𝐹𝑃1 sin 𝛽) 𝑑𝑍 
 
Both clockwise moments are bending moments about the point Z.  
 
 Predictions Derived from the Biomechanical Model of the Straight Trunk Segment 
 
Overall, the biomechanical model of the straight trunk segment predicts that upon the contraction 
of the myomere, bending moments will occur along the notochord at points located cranially and 
caudally to the center of the myomere. These bending moments will cause the trunk to bend into 
a curve. 
 The model also predicts that the bulging force generated by the radial expansion of the 
muscle fibers will brace the muscle fibers against being pulled toward or away from the body. 
This prediction may explain the arrangement and morphology of the parietal and central muscle 
fibers. The central fibers, which have relatively shallow myotendinous junctions and few 
mitochondria, are less able at producing a sustained contraction along the myoseptal tendons, 
whereas the parietal fibers, which have relatively deep myotendinous junctions and many 
mitochondria, are more likely to exert a sustained pull against the myoseptal tendons. Therefore, 
the central fibers may function to stiffen the myomeres in order to brace the parietal fibers 
against being pulled toward or away from the body upon contraction.  
 
I. Biomechanical Prediction: The radial expansion of the central muscle 
fibers stiffens the myomere and braces the parietal muscle fibers, which 
pull along the myoseptal tendons. 
 
Bending moments are required in order to bend the body. Since the notochord is the 
primary axial skeletal component, the notochord must bend in order for the body to bend. The 
tension along the cranio-medial myoseptal tendon causes a counter-clockwise bending moment 
on the notochord. 
 
II. Biomechanical Prediction: The tension within the cranio-medial 
myoseptal tendon causes a counter-clockwise bending moment on the 
notochord.  
 
The transfer of force between the centrifugal myoseptal tendons and the perimysial fiber 
bundles is facilitated by their mutual attachment to the dermis. Therefore, the dermis serves as a 
conduit to mechanically link the myoseptal tendons to the perimysial fiber bundles. 
 
III. Biomechanical Prediction: The dermis transmits tension forces 
between the centrifugal myoseptal tendons and the perimysial fiber 
bundles. 
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The radial expansion of the myomere will cause the dermis to bulge outward, which will 
tense the dermal fibers. The tension within the dermal fibers will, thereby, tense the perimysial 
fiber bundles.  
 
IV. Biomechanical Prediction: The radial expansion of the myomeres 
stretches the dermis, which tenses the perimysial fiber bundles. 
  
The tension within the perimysial fiber bundles that attach to the notochord caudal to the 
contracting myomere causes a clockwise bending moment on the notochord.  
 
V. Biomechanical Prediction: The tension within the perimysial fiber 
bundles causes a clockwise bending moment on the notochord. 
 
By combining prediction II and V: 
 
VI. Biomechanical Prediction: The clockwise and counterclockwise 
moments will cause the notochord to bend.  
 
 The Biomechanical Model of the Curved Trunk Segment 
 
The biomechanical model of the curved trunk segment describes the force profile at the instant 
when contraction of the myomere ceases (Figure 7.83). In order to reflect the biological reality of 
tissue, the model assumes a Poisson’s ratio greater than zero (Chapter 5). Therefore, the left, 
concave side of the curve is depicted as being thicker than the right, convex side as a result of the 
length changes on either side caused by bending. The salient components of the biomechanical 
model are described below: 
 In the absence of active contraction by the myomere, force is generated by the resilience 
of the stretched fibers. As described above, materials that store elastic energy during stretch can 
transform the stored energy into work to rebound from the stretch. When the trunk is bent, the 
connective tissue fibers on both sides of the notochord are stretched due to the change in width 
on the concave side and the change in length on the convex side. Since the contraction force is 
no longer present, the stored elastic energy within the stretched fibers can be used to generate 
force parallel to their fiber direction.  
The resilience within the fibers on the concave side of the trunk will cause that side to 
lengthen. In the absence of contraction force, the myoseptal tendons and the perimysial fiber 
bundles will shorten and will, thereby, generate a force of resilience as they rebound. The force 
of resilience of the fibers will pull between their attachments. Since the myoseptal tendons and 
the perimysial fiber bundles are oriented obliquely, but in the opposite direction, the y-
component of their force of resilience will cancel out. Therefore, on the concave side of the 
curve, the average force of resilience, FR, will occur normal to their attachments to the notochord 
(Green Squares) and to the dermis (Yellow Squares). As the fibers shorten on the concave side, 
the diameter of that side will decrease. Because Poisson’s ratio is greater than zero, the decrease 
in diameter will cause a concurrent increase in the length of the left side. The increase in length 
will be resisted by the inextensibility of the notochord and the incompressibility of the body 
fluids. Therefore, the length will only be allowed to increase by decreasing the curvature and 
straightening the trunk. 
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Figure 7.83. Biomechanical model of curved trunk segment. Symbols: colored circles = free-
body force diagrams (see text for description); black arrows = force vectors; white star = center 
of trunk segment. Letters: FDR = force of resilience in the dermis; FNS = force due to flexural 
stiffness of notochord; FR = force of resilience in connective tissue fibers; Z = center of trunk 
segment.   
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The resilience of the stretched dermal fibers on the concave side of the trunk will 
contribute to increasing the length of that side. The dermis on the concave side of trunk was 
stretched because of the radial expansion of the contracting myomere. In the absence of 
contraction and a bulging force, the resilience of the dermal fibers will return them to their 
resting length. The stretched dermal fibers will exert a force of resilience in the opposite 
direction of the stretch (Yellow Squares). This will increase the length of the dermis and, 
thereby, contribute to the overall lengthening of the concave side. The formulae for the free-body 
force diagrams of the dermis on the concave side are as follows: 
 
(Eq. 7.10)  The Resilience of the Dermis on the Concave Side (Yellow Squares) 
∑ ?⃑?𝑇𝑜𝑡𝑎𝑙 = ?⃑?𝐷𝑅 + ?⃑?𝑅 ≠ 0  
 ∑𝐹𝑥 = −𝐹𝑅 ≠ 0  
∑𝐹𝑦 = 𝐹𝐷𝑅 ≠ 0  
𝑀𝑍 = 𝐹𝐷𝑅𝑑𝑍 
 
The force of resilience, FR, of the myoseptal tendons (centripetal and centrifugal) and the 
perimysial fiber bundles is unopposed by the dermis. This means that the force of resilience will 
contribute to the decrease in diameter of the concave side. The force of resilience of the dermis, 
FDR, is directed away from the center point of curvature, Z. Therefore, a bending moment will 
occur about the center point in the opposite direction of the curvature.   
The flexural stiffness along the concave side of the notochord will oppose bending and 
will help straighten the trunk. The concave side of the bent notochord will be under compression, 
which will be resisted by the flexural stiffness of the notochord. The force of resistance due to 
the flexural stiffness, FNS, will be directed away from the center point of curvature, Z. As a result, 
a bending moment about Z will occur in the opposite direction of the curvature (Green Squares). 
The flexural stiffness of the notochord will also resist the combined force of resilience by the 
myoseptal tendons and the perimysial fiber bundles. The formulae for the free-body force 
diagram analysis of the concave side of the notochord are as follows: 
 
(Eq. 7.11) The Flexural Stiffness on the Concave Side of the Notochord (Green Squares) 
∑ ?⃑?𝑇𝑜𝑡𝑎𝑙 = ?⃑?𝑁𝑆 + ?⃑?𝑅 ≠ 0  
 ∑𝐹𝑥 = 𝐹𝑁𝑆 − 𝐹𝑅 = 0  
∑𝐹𝑦 = 𝐹𝑁𝑆 ≠ 0  
𝑀𝑍 = 𝐹𝑁𝑆𝑑𝑍 
 
The x-component of the fiber force of resilience, FR, is equal to the x-component of the 
notochord flexural stiffness, FNS. However, since the y-components of the force of resilience in 
the myoseptal tendons and the perimysial fiber bundles cancel each other out, there is no force 
opposing the y-component of the flexural stiffness. As a result, a bending moment occurs in the 
opposite direction of the curvature.    
The resilience within the fibers on the convex side of the trunk will cause that side to 
shorten. The myoseptal tendons and the perimysial fiber bundles on the convex side of the trunk 
will be stretched during bending and will, therefore, store elastic energy. Their force of resilience 
will pull between their attachments. Since the myoseptal tendons and the perimysial fiber 
bundles are oriented obliquely, but in the opposite direction, the y-component of their force of 
resilience will cancel out. Therefore, on the convex side of the curve, the average force of 
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resilience, FR, will occur normal to their attachments to the notochord (White Squares) and to the 
dermis (Purple Squares). As the fibers shorten on the convex side, the length of that side will 
decrease. Note that the diameter will not be allowed to decrease due to the resistance caused by 
the incompressibility of the musculature, FF. The only way the fibers are allowed to shorten on 
the convex side, therefore, is if the length of that side decreases. However, because Poisson’s 
ratio is greater than zero, the decrease in length of the convex side will cause a concurrent 
increase in diameter. Furthermore, the decrease in length will be resisted by the inextensibility of 
the notochord and the incompressibility of the body fluids. Therefore, the length will only be 
allowed to decrease by decreasing the curvature and straightening the trunk.    
The resilience of the stretched dermal fibers on the convex side will contribute to 
decreasing the length of that side. The dermis on the convex side of the trunk was stretched 
because the bending caused an increase in length of the convex side of the trunk. The stretched 
dermal fibers will exert a force of resilience in the opposite direction of the length change of the 
trunk (Purple Squares). This will decrease the length of the dermis and, thereby, contribute to the 
overall shortening of the convex side. The formulae for the free-body force diagrams of the 
dermis on the convex side are as follows: 
 
(Eq. 7.12)  The Resilience of the Dermis on the Convex Side (Purple Squares) 
∑ ?⃑?𝑇𝑜𝑡𝑎𝑙 = ?⃑?𝐷𝑅 + ?⃑?𝑅 + ?⃑?𝐹 ≠ 0  
 ∑𝐹𝑥 = 𝐹𝐹 − 𝐹𝑅 = 0  
∑𝐹𝑦 = 𝐹𝐷𝑅 ≠ 0  
𝑀𝑍 = 𝐹𝐷𝑅𝑑𝑍 
 
Note that the force of resilience, FR, of the myoseptal tendons and the perimysial fiber 
bundles is unopposed by the dermis. However, the fiber force of resilience is opposed by the 
incompressibility of the trunk musculature, FF. This means that the force of resilience will not 
cause the diameter to decrease on the convex side. The force of resilience of the dermis, FDR, is 
directed away from the center point of curvature, Z. Therefore, a bending moment will occur 
about the center point of curvature that will be oriented in the opposite direction of the curvature.   
The flexural stiffness along the convex side of the notochord will oppose bending and will 
help straighten the trunk. The convex side of the bent notochord will be under tension, which 
will be resisted by the flexural stiffness of the notochord. The force of resistance due to the 
flexural stiffness, FNS, will be directed away from the center point of curvature, Z. As a result, a 
bending moment about Z will occur in the opposite direction of the curvature (White Squares). If 
the notochord was fixed, then the flexural stiffness of the notochord would also resist the 
combined force of resilience by the myoseptal tendons and the perimysial fiber bundles. 
However, since the myomeres are no longer contracting, there are no forces to hold the 
notochord static. Therefore, x-component of the stiffness of the notochord will be zero. The 
formulae for the free-body force diagram analysis of the convex side of the notochord are as 
follows: 
 
(Eq. 7.13) The Flexural Stiffness on the Convex Side of the Notochord (White Squares) 
∑ ?⃑?𝑇𝑜𝑡𝑎𝑙 = ?⃑?𝑁𝑆 + ?⃑?𝑅 ≠ 0  
 ∑𝐹𝑥 = 𝐹𝑅 − 𝐹𝑁𝑆 ≠ 0  
∑𝐹𝑦 = 𝐹𝑁𝑆 ≠ 0  
𝑀𝑍 = 𝐹𝑁𝑆𝑑𝑍 
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Note that the x-component of the fiber force of resilience, FR, is greater than the x-
component of the notochord flexural stiffness, FNS. Depending on the angular acceleration that 
results from the straightening of the body, the x-component of the notochord flexural stiffness 
may be near zero. However, since the y-components of the force of resilience in the myoseptal 
tendons and the perimysial fiber bundles cancel each other out, there is no force opposing the y-
component of the flexural stiffness. As a result, a bending moment occurs in the opposite 
direction of the curvature. 
 
 Predictions Derived from the Biomechanical Model of the Curved Trunk Segment 
 
Overall, the biomechanical model of the curved trunk segment predicts that at the moment the 
myomere stops contracting, the forces of resilience within all of the stretched fibers and the bent 
notochord will oppose the bent configuration and will straighten the notochord. Specifically, 
these forces will generate bending moments about the center point of curvature that are oriented 
in the opposite direction of the bending moments that caused the curvature.  
 The model also predicts that the bulging of the concave side and the narrowing of the 
convex side due to the non-zero Poisson’s ratio explains how the differential reactions of the 
stretched fibers on either side of the radius of curvature contribute to straightening of the trunk. 
 
VII. Biomechanical Prediction: The non-zero value of the Poisson’s ratio 
for the trunk causes dimensional changes on the concave and convex 
side that coordinates the elastic rebound of the connective tissue fibers 
on either side to straighten the trunk.   
 
The stretched dermis plays an important role in straightening the trunk. On the concave side, the 
resilience of the dermis will contribute to the increase in length, whereas on the convex side the 
resilience of the dermis will contribute to the decrease in length. Since the dermis is at the 
maximum distance from the central axis, it will experience the largest tension and compression 
forces in the trunk. On the concave side, the compression force is transformed into a tension 
force that stretches the dermis by causing it to bulge outward. Therefore, the dermis is in tension 
on both sides of the body and will exert a force of resilience in the opposite direction of the 
tension forces. Although not depicted in the 2D model, this further implies that the dermis will 
contribute to the decrease in diameter on the concave side by reconverting its force of resilience 
due to tension into a compressive force.  
 
VIII. Biomechanical Prediction: Bending tenses the dermis, which reacts 
through its force of resilience to help straighten the body by 
contributing to the dimensional changes occurring on the concave and 
convex sides. 
 
The biomechanical model also predicts that the flexural stiffness of the notochord is of 
primary importance for straightening the body. Not only does the flexural stiffness of the 
notochord itself cause bending moments that oppose the curvature, but it enables the connective 
tissues to contribute to straightening the body by limiting the dimensional change in the 
longitudinal direction due to its incompressibility.  
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IX. Biomechanical Prediction: The flexural stiffness of the notochord is of 
central importance for directly straightening the trunk and for indirectly 
straightening the trunk by constraining the action of the resilience 
forces of the connective tissue.  
 
 Conclusion 
 
This study is the first one that integrates an analysis of mechanical interactions among the 
various structural components of the lamprey trunk during locomotion with a study of the 
movements of lampreys living in their natural environment. The integration of functional 
morphology with the study of biological roles may serve as a model for analyzing the more 
complex structure and function of the trunk of gnathostome fishes, such as sharks and bony 
fishes.     
The presented functional and biomechanical hypotheses are testable by experimental 
means. Developing testable hypotheses on an anatomical basis has the advantage of pin-pointing 
the salient causal factors underlying a function and, thereby, directs the focus of experimental 
work onto clear targets of analysis. In addition, the presented biomechanical model establishes a 
framework that can be further developed by incorporating an increasing number of structural and 
functional complexity, including an expansion of the biomechanical analysis into three 
dimensions and into the dynamic condition. These hypotheses provide a working context for a 
new research program that represents a new approach to fish biomechanics and to lamprey 
biology as a whole. These hypotheses are a fruitful source of new questions and new ideas that 
can be pursued in more detail and with additional techniques, since the most important 
component of a scientific investigation is the formulation of a research question. 
 The analysis of the Sea Lamprey skeleto-muscular system also illustrates the importance 
of a detailed anatomical description as a basis for inferring function. The relationship between 
structure and function is complex and multidimensional, and rarely, if ever, one-to-one. 
Although biomechanics provides a bridge from structure to function, function cannot be 
approached biomechanically in the absence of an adequate understanding of the structure, which 
can be acquired only through a comprehensive anatomical analysis that identifies and describes 
the parts involved and the structural relationships among them. This point is made more obvious 
when realizing that inferring function is fundamentally an exercise in causal reasoning about the 
effects that are produced by causal actors. What is needed is an explanation about the causes of 
the effects and this requires sufficient knowledge about the parts that have produced them.      
 The possession of a robust mechanical explanation about a complex system that exists 
within the organisms of one species is a necessary first step for cross-species comparisons. 
Comparisons are most useful when they answer “Why” questions about structures and functions. 
They are important tools for identifying adaptive functions and for distinguishing homologies 
from convergences. Yet, the efficacy of a comparison is directly dependent upon the degree of 
understanding about the objects being compared, because comparisons require the exercise of 
judgment about which similarities and differences are relevant and which ones are accidental. 
Such judgments can be exercised only if the characteristics of each object have already been 
analyzed and their contributions to the working whole have been determined. Robust mechanical 
explanations are products of these analyses and are, therefore, candidates for fruitful 
comparisons.  
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 The Origin and Evolution of Lampreys 
 
 Introduction 
 
The evolutionary history of lampreys extends at least to the Devonian Period [ca. 419-360 
million years ago (Ma) (Becker et al. 2012)] (Gess et al. 2006) and may extend as far back as the 
Cambrian Period [ca. 541-485 Ma (Peng et al. 2012)], not long after their ancestors are thought 
to have diverged from proto-vertebrates sometime during the Ediacaran (Kumar and Hedges 
1998; Miyashita et al. 2019). Extant lampreys [i.e., Petromyzontiformes; (Renaud 2011)] are 
thought to have evolved as early as the Permian-Triassic boundary [ca. 251 Ma (Henderson et al. 
2012)] and before the breakup of Pangea [ca. 230 Ma (Ogg 2012)] based on cDNA molecular 
analyses (Kuraku and Kuratani 2006). The long evolutionary history of lampreys and is of 
interest for understanding how their present morphology evolved given the insights into the 
adaptive significance of their traits gained from the ecological and functional-morphological of 
Sea Lampreys (Petromyzon marinus). 
 These insights are used to reconstruction the evolutionary history of lampreys and to 
address two questions: How did the morphology of extant lampreys evolve? How did 
anadromous Sea Lampreys become landlocked in freshwater lakes? The first question is 
addressed through the development of an adaptive scenario that uses Sea Lampreys as models for 
reconstructing the origin and evolution of lampreys by integrating current knowledge about the 
lamprey fossil record, palaeoclimatological data, and lamprey physiology. The second question 
is also addressed by an adaptive scenario based on the ecological insights about anadromous Sea 
Lampreys and the recent geological history of North America.   
 
 The Origin and Evolution of Lampreys 
 
 Fossil Record 
 
There are four species of fossil lampreys, all of which are less than 10 cm long (Potter et al. 
2015). Three of them appear during the Paleozoic Era [ca. 541-252 Ma (Gradstein 2012)] and 
one during the Mesozoic Era [ca. 252-66 Ma (Gradstein 2012)]. The fossil history of lampreys 
(Table 7.1.) extends into the Late Devonian Period [Famennian Stage, ca. 370-360 Ma (Becker et 
al. 2012)] with the appearance of Priscomyzon riniensis, which already resembles extant 
lampreys with a large oral disc with circumoral teeth (Gess et al. 2006; Janvier 2006). The next 
fossil lamprey species to appear, Hardistiella montanensis, is dated to the Carboniferous Period 
[Namurian Stage, ca. 320-319 Ma (Davydov et al. 2012)] and possesses a hypocercal tail and an 
anal fin (Janvier and Lund 1983; Janvier et al. 2004). Mayomyzon pieckoensis appears in the 
Late Carboniferous [Westphalian Stage, ca. 318-308 Ma (Davydov et al. 2012)] with a piston 
tongue and is the last fossil lamprey found in the Paleozoic Era (Bardack and Zangerl 1968, 
1971).  The only fossil lamprey that appears in the Mesozoic Era is Mesomyzon mengae and 
provides evidence that the larval stage evolved no later than Cretaceous Period [Barremian 
Stage, ca. 131-126 Ma (Ogg and Hinnov 2012)]  
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Table 8.1. List of known lamprey fossils 
Geological Time Lamprey Species Distinguishing Traits Reference 
Devonian Period 
Famennian Stage  
370-360 Ma 
Priscomyzon 
riniensis 
Lamprey body shape, oral 
disc, circumoral teeth, 
branchial basket 
Gess et al. 2006 
Carboniferous Period 
Namurian Stage  
320-319 Ma 
Hardistiella 
montanensis 
Anal fin, hypocercal tail Janvier and Lund 
1983; Janvier et 
al. 2004 
Carboniferous Period 
Westphalian Stage 
318-308 Ma 
Mayomyzon 
pieckoensis 
Piston-like tongue Bardack and 
Zangerl 1968, 
1971 
Cretaceous Period 
Barremian Stage 
131-126 Ma 
Mesomyzon 
mengae 
Adult and larval lampreys Chang et al. 2006, 
2014 
  
 An Adaptive Scenario for the Origin and Evolution of Lampreys 
 
 Lampreys Evolved in Freshwater 
 
The blood osmolality of anadromous Sea Lampreys is lower than most vertebrates, whether 
osmoregulating in freshwater or marine environments (Hardisty et al. 1989). Larval Sea 
Lampreys, which are only found in freshwater, have a blood osmolality of 225 mOs kg-1 
(Beamish et al. 1978), whereas the average for freshwater vertebrates is ~300 mOs kg-1 (Barton 
2007). When adult Sea Lampreys are feeding in the Atlantic Ocean, which has an osmolality of 
1,000 mOs kg-1 (i.e., a salinity of 32 ‰), their blood osmolality is as low as 285 mOs kg-1, 
whereas the average for marine teleosts is ~400 mOs kg-1 (Barton 2007). The low osmolality of 
larval Sea Lampreys and the ability of adults to maintain a similar osmolality in a marine 
environment, suggests that their ancestors evolved in freshwater and secondarily evolved the 
capacity to osmoregulate in seawater (Hardisty et al. 1989). Furthermore, the ability of adult Sea 
Lampreys to osmoregulate across a range of salinities from 0 and 34 ‰ (Beamish 1980; Youson 
1981b), suggests that their ancestors evolved at the freshwater-marine boundary, which selected 
for a broader physiological plasticity. 
 A freshwater origin of lampreys is consistent with the small body size of early species, 
who would have had difficulties osmoregulating in full strength seawater due to their low surface 
area-to-volume ratio, which would have caused osmotic stress in high salinities (Hardisty et al. 
1989). Lampreys likely gradually evolved osmoregulatory strategies that would pre-adapt them 
to a marine environment (i.e., swallowing sea water, absorbing it in the intestines, and secreting 
ions through specialized chloride cells and concentrated urine) by inhabiting protected estuaries 
exposed to fluctuating salinity levels. The first lamprey fossil, P. riniensis, lived in an estuarine 
lagoon that likely received freshwater and marine input (Hillar and Taylor 1992; Gess 2016). 
The association with a brackish habitat implies that it was already capable of osmoregulating 
across some range of salinity. 
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 Lampreys Evolved as Algal and Detrital Feeders 
 
Sea Lampreys have a relatively simple digestive tract without a specialized stomach region since 
their diet of blood and body fluids is easily digestible (Youson 1981a). As ancestrally jawless 
fishes, lampreys did not evolve the capacity to swallow large pieces of flesh that would require 
stomach to digest and, therefore, likely always possessed a simple digestive tract. Since the 
evolution of their parasitic lifestyle is likely secondary and would require the availability of soft-
scaled teleost fishes, which did not appear until the Mesozoic Era, more than 100 million years 
after the evolution of P. riniensis, the early ancestors of lampreys likely fed on algae and 
detritus, which would have been available in rivers and streams and marine estuaries.  
 The large buccal funnel of P. riniensis relative to the size of the body (Gess et al. 2006) 
suggests the capacity to ingest food across a wide surface area. Algae were abundant in the area 
where P. riniensis was found (Hiller and Gess 1996) and would have met the nutritional 
requirements of their small body size. An algal and detritus-based diet would require a relatively 
simple digestive tract, which is characteristic of extant algivorous fishes (Salvador-Jr et al. 2009; 
Wagner et al. 2009).  
 
 The Evolution of a Hypocercal Tail Increased Mobility  
 
By the mid-Carboniferous Period (ca. 318 million years ago), lampreys evolved an increased 
capacity for locomotion. Hardistiella montanensis possessed a hypocercal tail, which would 
have enabled them to swim while retaining their elongated snouts and wide buccal funnel (see 
Chapter 2 on hydrodynamics of hypocercal tails; Janvier and Lund 1983; Janvier et al. 2004). 
They also had an anal fin, which would have increased propulsive power and would have 
enabled them to migrate to new locations in pursuit of food or suitable habitat. These 
modifications would enable upstream migrations into low velocity rivers.   
  
 The Evolution of a Piston Tongue Enabled Upstream Colonization 
 
By the Late Carboniferous (ca. 305 million years ago), lampreys evolved the piston tongue that 
is characteristic of extant lampreys (Youson 1981a). Although it is associated with parasitism in 
extant lampreys, the piston tongue also functions in suction generation within the buccal funnel 
and, thereby, increases the strength of attachment (Reynolds 1931; Adams 2006). This enables 
lampreys to anchor themselves in high velocity streams (see Chapter 2). Hence, a piston tongue 
would have enabled lampreys like M. pieckoensis to colonize the high velocity upstream reaches 
of rivers.    
 
 Dietary Diversification onto Dead and Decaying Organisms  
 
A piston tongue would also help lampreys remove algae and detritus from rocks and submerged 
debris. The repeated contact between the piston tongue and a rocky surface would select for 
keratinization of the tongue tip, which could be used to scrap algae and detritus from surfaces. 
Scraping efficiency would be further enhanced by the evolution of lingual teeth, which would 
require only the cornification of the already keratinized tongue tip (Lethbridge and Potter 1981). 
The cornified tip of the tongue could be further modified into keratin-based teeth, which would 
enable lampreys to tear and rasp flesh from dead organisms (Hardisty 1979). By shifting their 
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diet to more nutritious carrion, a heightened sense of smell would be selectively advantageous 
and would pre-adapt lampreys for communication through conspecific chemical cues (Li et al. 
1995; Li et al. 2002). Carrion scents could be pursued by using their hypocercal tails and anal 
fins, which would transform lampreys into active scavengers. The scale-less bodies of lampreys 
would enable scavenging in underwater debris without the risk of snagging or tearing scales as 
they fed.    
 
 The Evolution of Parasitism  
 
All Paleozoic lampreys were less than 10 cm in length (Bardack and Zangerl 1968, 1971; Janvier 
and Lund 1983; Janvier et al. 2004; Chang et al. 2006; Gess et al. 2006; Chang et al. 2014). 
Given their small size, they would have been unlikely to have evolved the parasitic behaviors of 
extant lampreys (Hardisty 1979). Yet, through scavenging and carrion feeding, their caloric 
intake would increase, which would enable the evolution of an increased body size. A larger 
body size would further increase the mobility of lampreys and would enable them to increase 
their scavenging range. They would then be able to chase down moribund organisms, which 
could be detected by their ever-sharpening sense of smell. Their piston tongue with lingual teeth 
would enable rasping into the living tissues of prey. Body fluids, which are more nutritious than 
algae and detritus, could then become their primary dietary source and would be easily digestible 
by their already simplified digestive tract, which is retained in extant lampreys (Youson 1981a). 
The evolution of sharper teeth and an olfactory association with prey species would enable 
lampreys to expand their diets to intact and healthy individuals and to develop a fully 
predatory/parasitic lifestyle.  
 
 The Evolution and Diversification of Extant Lampreys 
 
Extant lampreys are distributed anti-tropically and belong to one of three families:  
Petromyzontidae in the Northern Hemisphere, Mordaciidae and Geotriidae in the Southern 
Hemisphere (Potter et al. 2015). The three families diverged sometime during the Late Permian 
or Early Triassic Period [ca. 280-220 Ma (Kuraku and Kuratani 2006] likely as a result of the 
climatic and geological events occurring at this time. Before the Late Permian, lampreys were 
likely distributed around Pangea in coastal waters and rivers, yet after the Early Triassic, the 
divergence between the extant suggests that lampreys were distributed anti-tropically. 
The Late Permian and Early Triassic Periods are characterized by a decreasing 
concentration of atmospheric oxygen and increasing temperatures. By the Early Triassic, global 
oxygen levels had plummeted to nearly 11%, which means the partial pressure of oxygen at sea 
level then would be equivalent to that at an altitude of 6 km today (Graham et al. 1995; Huey and 
Ward 2005). Global temperatures also increased, and sea surface temperatures may have 
exceeded 40°C during the extreme warming period of the Early Triassic (Sun et al. 2012).    
 Extant lampreys are capable of surviving in low oxygen environments, but are highly 
sensitive to elevated temperatures (Hubbs and Potter 1971; Dawson et al. 2015). Larvae and 
adult lampreys can survive in low oxygen conditions (Potter et al. 1970) and adults of some 
species are even capable of breathing air (Potter et al. 1996). However, larvae are particularly 
sensitive to temperatures above 20°C and are always found in water less than 30°C (Potter and 
Beamish 1975; Holmes and Lin 1994; Dawson et al. 2015). The high temperatures of the Late 
Permian and Early Triassic would have driven lampreys away from the equator and toward the 
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cooler waters near the poles. As Pangea broke apart (ca. 175 million years ago), the Northern and 
Southern Hemisphere lamprey populations would have been separated by warmer waters and 
would, therefore, diverge over the subsequent 100 million years.    
 
 The Origin of Landlocked Sea Lampreys  
 
The indigenous status of landlocked Sea Lampreys in North American freshwater lakes is 
controversial (Waldman et al. 2006; Waldman et al. 2009; Eshenroder 2009). Landlocked Sea 
Lampreys are found in the Great Lakes, the Finger Lakes, and Lake Champlain (Wilson 1955; 
Smith 1971). They live their entire lives in freshwater and are unable to effectively osmoregulate 
in sea water (Beamish et al. 1978; Beamish 1980). They are derived from anadromous Sea 
Lampreys, but the timing of their divergence is disputed. Those arguing that the divergence 
occurred in the last 200 years (e.g., Eshenroder 2009, 2014) accept that the biological differences 
between landlocked and anadromous forms evolved in a matter of decades. However, a more 
evolutionarily plausible divergence time is ~10,000 years ago after the Wisconsin Ice Sheet 
receded into Canada and formed the Great Lakes (Larson and Schaetzl 2001). On this scenario, 
landlocked Sea Lampreys are descended from the anadromous Sea Lampreys that colonized the 
lakes that were accessible from the Atlantic Ocean and, therefore, are indigenous to Lake 
Ontario, the Finger Lakes, and Lake Champlain. Their indigenous status is supported by genetic 
evidence (Bryan et al. 2005; Waldman et al. 2006; Waldman et al. 2009; D’Aloia et al. 2015) 
and can be explained by a plausible adaptive scenario. 
Lake Ontario, the Finger Lakes, and Lake Champlain formed during the most recent 
period of glaciation in North America (Larson and Schaetzl 2001). Through 750,000 years of 
cyclic glacial advances and retreats, they were carved out of bedrock and were filled with glacial 
melt water approximately 10,000 years ago as the last glaciers retreated into Canada (Richmond 
and Fullerton 1986; Karrow et al. 2000; Larson and Schaetzl 2001). Initially, the entire region 
was covered by the Champlain Sea and was continuous with the Atlantic Ocean (Rayburn et al. 
2007; Cronin et al. 2008). The Champlain Sea was inhabited by ocean going species including 
marine mammals, whose fossils have been found as far inland as the present-day west coast of 
Lake Ontario (Harington 1977, 1988; Feranec et al. 2014). Sea Lampreys would have 
undoubtedly been present in the Champlain Sea at this time and may have parasitized some of 
the marine mammals, which are still victims of lamprey attacks today (Nichols and Tscherter 
2011).  
The Champlain Sea existed for 4,000 years before draining into the Atlantic Ocean as 
isostatic rebound of North American continent increased the land elevation of the area (Cronin et 
al. 2008). As the Champlain Sea shrank in size, some marine species, such as Atlantic Salmon 
(Salmo salar), remained in the glacial lakes and evolved entirely freshwater life histories (Guiry 
et al. 2016). During this time, anadromous Sea Lampreys would also evolve a freshwater life 
history and would remain in the glacial lakes, which would eventually become Lake Ontario, the 
Finger Lakes, and Lake Champlain.   
This adaptive scenario provides a plausible account of how anadromous Sea Lampreys 
became landlocked in what are formally glacial lakes. It is consistent with the geological history 
of the area and avoids the evolutionarily implausible position that landlocked and anadromous 
populations diverged from one another over a matter of a few decades. Furthermore, it explains 
how Sea Lampreys were able to enter the Upper Great Lakes in the early 19th century through the 
Welland Canal that connects Lake Ontario to Lake Erie and avoids the biologically implausible 
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position that Sea Lampreys somehow swam through the shallow Erie Canal from the Hudson 
River to Lake Erie. Hence, a strong case can be made that landlocked Sea Lampreys are 
indigenous to Lake Ontario, the Finger Lakes, and Lake Champlain and that they should be 
recognized as such and be given a formal species name distinct from Petromyzon marinus. In 
addition, the current timeline for the “invasion” of the Great Lakes by landlocked Sea Lampreys 
should be revised in light of the fact that their presence likely preceded the collapse of the Great 
Lakes fisheries by almost 100 years. Instead, the fishery collapse closely coincides with human 
fishing practices and resource exploitation beginning in the 1850s and culminating in the 1940s 
(see Chapter 8). 
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 Blaming Wildlife for Human Deeds: Scapegoating Sea Lampreys for 
the Demise of the Great Lakes  
 
 Introduction 
 
On October 11, 1955, the United States and Canada ratified a treaty, the Convention on Great 
Lakes Fisheries, to share responsibility for managing the fisheries of the Great Lakes (Great 
Lakes Fishery Commission 1956). They agreed to address the precipitous decline in the 
productivity of the Great Lakes over the previous decades, the cause of which was principally 
attributed to the invasive Sea Lampreys (Petromyzon marinus). This problem was considered to 
be so urgent that the two countries agreed to establish the Great Lakes Fishery Commission to 
“eradicate or minimize the populations of the sea lamprey” in the Great Lakes and the St. 
Lawrence River (Great Lakes Fishery Commission 1956, p. 8). This Commission, however, did 
not have the power to regulate the fishing industry of the Great Lakes.  
 Today, over 60 years after the ratification of the treaty, the Great Lakes Fishery 
Commission is still hard at work fighting the Sea Lampreys (Great Lakes Fishery Commission 
2018). In 2017, the acting Chair, David Ullrich, reported on the achievements of the Commission 
in controlling the Sea Lampreys and requested that the United States Congress continue to fund 
their efforts (US Congress 2017). Since 1956, Congress has appropriated more than $450 million 
to the Commission to control the Sea Lamprey in the Great Lakes (US Congress 2017). 
Additional funds were also given to hatchery programs for restocking the Great Lakes with 
fishes (US Fish and Wildlife Service 2007), thereby subsidizing the Great Lakes sports fishing 
industry, which is estimated to be worth more than $7 billion (Southwick Associates 2007).  
David Ullrich, in his written testimony before the US Congress in 2017, conceded that 
“the Great Lakes fishery will forever contend with sea lampreys … a noxious predator [that will] 
remain a permanent, destructive element in the Great Lakes basin” (US Congress 2017, p. 12). 
He pleaded with Congress to continue funding the efforts of the Great Lakes Fishery 
Commission to control the Sea Lamprey and cited in support of his request the apocalyptic 
warnings in 1927 by Walter Koelz, a biologist with the US Bureau of Fisheries, that “no fish will 
remain” if something was not done about the Sea Lamprey problem (US Congress 2017, p. 3).  
 Actually, Walter Koelz did not say this. The quote used by Ullrich was taken out of 
context and from a general review of the Great Lakes fisheries for the Fiscal Year 1927 (Koelz 
1928, pp. 660-662), in which Koelz thundered against the overfishing and extermination of one 
fish species after another and the dumping of industrial pollution into the Great Lakes, and 
deplored that nothing was done to correct the situation by the government offices supposed to 
administer conservation legislation. Koelz also called for research to learn more about the life 
histories of the fishes in the Great Lakes and concluded “…; in short, we want to know 
everything about [the Great Lakes fishes], but, most of all we want regulation of the quality and 
the quantity of the [fishing] apparatus, or no fish will remain for us to investigate”.  
Walter Koelz’s warning as a biologist notably did not mention Sea Lampreys as a threat 
to the Great Lakes. Rather, he was warning us humans about our destructive and exploitative 
behavior toward the resources of the Great Lakes. In contrast, Ullrich, a lawyer by trade, may 
have used his legal expertise to excerpt a passage to drive home his own message to convince 
policy makers to continue fund the lamprey extermination program of the Great Lakes Fishery 
Commission.  
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 The tactics of blaming wildlife for the consequences of destructive human practices has a 
long history, and Sea Lampreys in particular have been accused of interfering with the interests 
of humans in the Great Lakes region for at least 200 years (e.g., Lark 1973). Pinning the blame 
for the collapse of the Great Lakes fishery that occurred in the 1940s and 50s on Sea Lampreys is 
one of the glaring examples of humans blaming wildlife for our own faults. In what follows, I 
will argue that it was unregulated fishing practices and wholesale environmental destruction that 
were to blame for the demise of the Great Lakes fishery. First, I will demonstrate that up to the 
eve of the Sea Lamprey invasion of the Great Lakes in 1945, the official opinion of 
governmental biologists as far back as the 1850s was that overfishing, pollution, and lax 
regulations were the primary culprits for the decline of the fisheries in the Great Lakes. Second, I 
will trace the shift in attention from correcting our own misdeeds to blaming Sea Lampreys as 
the one and only problem facing the Great Lakes fishery. Finally, I will show how the arrival of 
the Sea Lampreys in the Great Lakes provided a convenient pretext for the commercial fishing 
industry to avoid regulation, for the sports fishing industry to increase their profits, for a 
business-friendly presidential administration to use government resources to benefit the private 
sector, and for fisheries biologists to be seen as beneficial partners of the Great Lakes 
community.    
 
 The History of the Decline of Fisheries of the Great Lakes 
 
 The Development of the Great Lakes Fisheries before 1871 
 
Historically, the Great Lakes have been home to an abundance of fish species that humans have 
depended upon for food since their first arrival to the area more than 3,000 years ago (Table 1; 
Bogue 2000). Indigenous peoples utilized the fish of the Great Lakes for sustenance and 
considered them [especially the Lake Sturgeon (Acipenser fulvescens; called “namewag” in 
Ojibwe)] to be culturally significant (Bogue 2000; LaDuke 2005). After the arrival of European 
fur trappers in the early 17th century (Bogue 2000), the fishes of the Great Lakes were caught 
first for food and then for trade. Although at that time fishing occurred only along the shoreline, 
the economic value and political significance of the Great Lakes were soon realized. In 1783, 
shortly after the American Revolution, the United States and Great Britain peacefully divided the 
Great Lakes militarily, politically, and economically, although clashes over the fisheries rights 
would occasionally occur (Bogue 1987; 2001). 
Economic development of the Great Lakes region accelerated in the first half of the 
1800s. Steamboats entered the Great Lakes in the 1820s, and by the end of the decade, both the 
Welland Ship Canal, which links Lake Erie to Lake Ontario, and the Erie Canal, which links 
Lake Erie to the Hudson River, were in operation for commerce (McIlwraith 1976). The 
industrialization of the Great Lakes fisheries began in the 1830s when hundreds of thousands of 
pounds of fish were being caught per year (Bogue 2000). In 1835, the fur trading Hudson’s Bay 
Company entered the salted fish industry and began selling fish from Lake Superior (Bogue 
2000).  
An expanding fishery created new jobs, which drew more and more settlers to the region. 
To make space for the growing population, the US government confiscated most of the land of 
modern-day Michigan, totaling 13 million acres, from the Anishinaabeg nations as part of the 
Ottawa Chippewa Treaty of 1836 (also known as the Treaty of Washington 1836), although 
native Americans nominally retained their fishing rights (Bogue 2000). In the following year, the 
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land framed by Lake Michigan, Lake Huron, and Lake Erie was incorporated into the United 
States as the new state of Michigan, which lead to a roughly sevenfold increase in the human 
population (i.e., from 31,638 people in 1830 to 212,267 people in 1840) (Table 8.2; Hinsdale 
1906)]. Most of this population settled along the shores of Lakes Michigan, Huron and Erie 
(Hinsdale 1906).   
 
Table 9.1. The food fishes of the Great Lakes (after Cudmore-Vokey and Crossman 2000) 
Common Name Scientific Name Historically Established 
Fishery 
Lake Trout (native) Salvelinus namaycush Lake Huron, Lake Michigan, 
Lake Ontario, Lake Superior 
Lake Herring (native; 
also known as “cisco”) 
Coregonus artedi All Lakes 
Chubs (native) Leucichthys spp Lake Huron, Lake Superior 
Whitefish (native) Coregonus clupeaformis All Lakes 
Pikeperches (native) Stizostedion spp Lake Erie, Lake Huron 
Yellow Perch (native) Perca flavescens Lake Erie, Lake Huron 
Suckers (native) Catostomus spp, Moxostoma spp Lake Erie, Lake Huron 
Burbot (native) Lota Lake Erie, Lake Michigan, 
Lake Ontario, Lake Superior 
Lake Sturgeon (native) Acipenser fulvescens Lake Erie, Lake Huron, Lake 
Ontario 
Common or German 
Carp (introduced 1876) 
Cyprinus carpio Lake Erie, Lake Huron, Lake 
Michigan, Lake Ontario 
Smelt (introduced 1909) Osmerus mordax Lake Michigan 
    
By the 1850s, the Great Lakes region was burgeoning. The population of Michigan 
nearly doubled from 1840 to 1850, and economic growth was further spurred on by the 
expansion of the railroad from the east (Hinsdale 1906; Bogue 2000). The Crimean War (1853-
1856) increased demand for foodstuff which was largely met by products from the Great Lakes 
and the surrounding farmland. The end of the Crimean War, however, reduced the demand for 
these products, and a market crash in the banking industry caused the financial Panic of 1857 
(Huston 1987; Calomiris and Schweikart 1991), which ushered in a decline in prosperity in the 
latter part of the decade.  
The first serious concerns about the health and productivity of the Great Lakes fisheries 
were officially raised when Richard Nettle, the Superintendent of Fisheries for Lower Canada, 
published in 1857 a pamphlet calling for the protection of the salmon fisheries from overfishing 
in the St. Lawrence River. He remarked with obvious frustration:  
 
Man, the destroyer man—commenced a war of extermination, hunted them 
with nets of all description,—with spear, with hook, with lister, poisoned 
them with lime, spearing them by torch-light—mangling and wounding as 
many as he killed—and to crown all—denied them a right of way, by 
building Dams—and thus destroyed their fisheries indeed. (Nettle, 1857: 7-
8) 
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Nettle’s lamentations went unheeded. A few years later, the Civil War (1861-1965) began 
and with it a new demand for fish. Food was scarce and meat was costly and reserved for 
soldiers, so that civilians turned to cheaper sources of protein, such as canned and salted fish, 
which catapulted the Great Lakes fisheries into national and international markets (Bogue, 2000). 
Michigan’s population grew by nearly 400,000 people in the 1860s and reached over a million 
by 1870 (Table 8.2.). By the end of the decade, the rise in the powerful fish industry, together 
with technological innovations to freeze fish for shipment, enabled fresh Great Lakes fish to be 
exported to the East Coast and the South (Bogue, 2000).  
   
Table 9.2. Historical population size in Michigan 1800-1950, 2000 (Hinsdale 1906; Hobbs and 
Stoops 2002) 
Census Year Population 
1800 3,757 
1810 4,762 
1820 7,452 
1830 28,004 
1840 212,267 
1850 397,654 
1860 749,113 
1870 1,184,059 
1880 1,636,937 
1890 2,093,890 
1900 2,420,982 
1910 2,810,173 
1920 3,668,412 
1930 4,842,325 
1940 5,256,106 
1950 6,371,766 
2000 9,938,444 
 
 The First US Commissioner of Fish and Fisheries and the First Report on the Great Lakes 
 
The consequences of the fisheries boom in the 1860s did not go unnoticed by scientists. On 
January 3, 1871, Spencer Baird, an ichthyologist and Assistant Secretary of the Smithsonian 
Institution, submitted a warning letter to the US Congress: 
 
The belief is everywhere loudly expressed that unless some remedy be 
applied, whatever that may be, the time is not far distant when we shall 
lose almost entirely this source of subsistence and support—a calamity 
which would involve a vast number of evils in its train. (Congressional 
Globe 1871)  
 
He recommended that the hitherto state-controlled fisheries be brought under Federal regulations 
to counter competing state interests and that a commissioner be appointed and charged with 
conducting research on the fisheries and fishes, reporting to the US Congress, and advising on 
the best course of action to remedy the situation. Five days later, on January 18, Representative 
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Henry Dawes7 of Massachusetts championed Baird’s recommendations on the floor of the US 
Congress, which resulted in the passage of legislation less than a month later to establish a 
commissioner and an agency for protecting the US fisheries.8  Five days later, on Valentine’s 
Day (February 14), President Ulysses S. Grant appointed Spencer Baird as the first 
Commissioner of Fish and Fisheries.   
Commissioner Baird wasted no time and appointed James Milner to conduct the 
necessary research and to report his findings. Milner’s seventy-five-page report (Milner 1874) 
detailed the fishing practices at the time and presented the sparse quantitative data that he was 
able to acquire by traveling around the Great Lakes region. He described the profitability of the 
fisheries and the subsidiary businesses that depended on the fishing industry, such as salt miners 
and freeze warehouses. He analyzed each industry independently and revealed the prevailing 
attitude among the fishermen in the region: If a type of fish can be sold on the market, then it 
should be caught without restraint, but if a type of fish cannot be sold, then it should be killed 
and removed to make space for the marketable types. Lake Sturgeons were considered to be a 
particular nuisance as they were said to “clog” the fishing nets and to eat the spawn of Whitefish 
(Coregonus clupeaformis) which was one of the most prized fish (Milner 1874, p. 74). Milner 
(1874) was unable to substantiate the fishermen’s claims about the predation of Whitefish spawn 
and listed fishermen as a principle enemy of Lake Sturgeon.    
Milner (1874) reported a 50% decline in the annual catch from 1867 to 1870 and blamed 
overfishing, especially on the spawning grounds, as well as pollution from sawmills as the likely 
causes. More workers were required to pull in fewer nets and fishing efforts had moved farther 
and farther from shore. Whitefishes were also smaller than they had been in the past, so that 80-
90 Whitefishes were needed to fill a barrel that formerly could be filled by only 50 Whitefishes 
(Milner 1874, p. 15). Milner laid most of the blame for the decline on the indiscriminate catch of 
immature fishes, which were either consumed or destroyed and, thereby, were unable to 
propagate.  
As remedies for reversing the damage to the fisheries, Milner (1874) suggested protective 
legislation and artificial propagation of fishes. For the former, Milner proposed a series of 
regulations on mesh size of the nets, closed seasons for fishing, and the prohibition of the killing 
of Lake Sturgeons (Milner 1874, pp. 20-24). The Canadian government had already put 
protective measures in place and required fishermen to purchase licenses. Milner, however, was 
not optimistic about the efficacy of regulations alone, since they would reduce the profits for 
fishermen and would be expensive to enforce. Rather, Milner saw more promise in artificial 
propagation of economically valuable fishes to restock the Great Lakes. 
 
 Artificial Propagation as an Early Solution to Fish Catch Declines 
 
In the 19th century, artificial propagation of fishes was viewed by biologists and the public as an 
almost miraculous technique that could produce an inexhaustible supply of fish. The famed 
ichthyologist Louis Agassiz was reported to have compared the promise of artificial propagation 
of fishes to the domestic breeding of cattle (“Artificial Propagation” 1868). Commissioner Baird, 
                                                 
7 Henry Dawes is famous for helping to create Yellowstone National Park, but infamous for passing the Dawes Act 
of 1887, which greatly undermined the sovereignty of Native Americans. 
 
8 Joint Resolution for the Protection and Preservation of the Food Fishes of the Coast of the United States (Joint 
Res., 1871, No. 22) 
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as the Assistant Secretary of the Smithsonian Institution, also supported artificial propagation as 
a solution to the decline in fish catch and praised the newly formed American Fish Cultural 
Association, which had convinced various states to fund fish hatcheries (US Commission of Fish 
and Fisheries 1874).  
Artificial fish propagation was by no means a new technique. Fish culture and artificial 
propagation through the use of hatcheries had been in practice in Europe since the mid-1700s but 
did not receive serious attention in the United States until the mid-1800s (Goode 1881). Richard 
Nettle, the Superintendent of Fisheries for Lower Canada, had attempted to culture Atlantic 
salmon as early as 1857, but it was the angler Samuel Wilmot who transformed artificial fish 
propagation from a hobby of local fishermen in the 1850s to a state policy by the end of the 
1860s (Bogue 2000; Knight 2007). State-sponsored hatcheries were first developed by the New 
York Fishery Commission in 1868 to increase Whitefish in Lake Ontario, which received great 
attention and praise from the American Fish Cultural Association (Roosevelt 1873; Goode 
1881).  
The early promising results and the appearance of scientific validity made artificial fish 
propagation an obvious choice for dealing with declining fish stocks, and it went far beyond 
attempts to preserve only native fishes. The press speculated that artificial propagation could 
enable the establishment of the Sterlet (Acipenser ruthenus) in American waters, which would 
produce a local fishery for “Russian” caviar (“Pisciculture” 1872), and in 1874, tens of thousands 
of American eels (Anguilla rostrata) were released in Lake Erie in an attempt to start an eel 
fishery above the Niagara Falls. However, not everyone viewed artificial propagation of fishes as 
the solution it was hyped to be. Wilmot viewed the support for artificial propagation as an excuse 
for the continuation of unregulated and destructive fishing practices, which eventually led him to 
abandon his attempts to artificially propagate Atlantic Salmon (Salmo salar) (Bogue 2000). He 
wrote that “the overfishing, the murder on the spawning grounds, the trap-net fishing along the 
shores of the lake and the estuaries of the streams, and the excessive demand and greed for the 
fish has done this work….I cannot disguise from myself that the time is now gone by forever for 
the growth of salmon and speckled trout in the frontier streams of Ontario” (quoted in Bogue 
2000: p. 26). Yet, fish hatcheries would continue to expand in the ensuing decades.      
 
 Documenting the Decline of the Great Lakes  
  
The Milner report of 1872 (Milner 1872) marked the beginning of an effort to systematically 
monitor the productivity of the Great Lakes fisheries by comparing the precise catch counts to 
the number of fishing vessels and by recording the types of fishing gear and the number of active 
fishermen to infer and evaluate the overall health and productivity of the Great Lakes fishes 
(Table 8.3; Table 8.4). According to Milner’s numbers, the US brought in 32,250,000 pounds of 
fish in 1872, an amount worth 1.6 million dollars (roughly 30 million dollars in 2017 value) 
(Milner 1874, p. 7). These numbers could be used as a benchmark to document that the fisheries 
industry of the Great Lakes had nearly doubled in size by 1879 when it brought in 64,459,230 
pounds of fish (True 1881). This drastic growth in the fisheries industry came about by a 
consolidation of wealth and resources into fewer and fewer firms as the richer firms were able to 
invest in more powerful technology, such as steam-powered vessels that came into use on the 
Great Lakes by 1875 (True 1881).  
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Table 9.3. Selected statistics for the Great Lakes fishery 1871-1889 
Year Number of Gill Nets Number of 
Fishermen 
Total Pounds of 
Fish Caught by US  
1871 450 (4 steam vessels) Not available Not available 
1872 Not available Not available 32,250,000 
1879 24,599 (30 steam 
vessels) 
 64,459,230 
1880 44,514 5,050 68,742,000 
1885 96,906 (164 steam 
vessels) 
10,365 99,842,076 
 
1889 Not available Not available 117,085,568 
 
Table 9.4. Types of fishing gear used on the Great Lakes 
Gear Type Description 
Hooks Primarily used to catch Lake Trout (Salvelinus namaycush). Hooks are tied to a 
fine, 4 feet long line, and multiple lines are tied to a heavy cord to form a hook 
gang. Gangs may be several miles long and contain 3,000 hooks. 
Pound 
nets 
Stationary net constructed of netting fastened to stakes driven into the lake 
bottom. The stakes and nets are arranged so that fish are led down a pathway, the 
lead, to the center of the maze, the heart, where they enter an inescapable trap, the 
pot or crib. The pots are lifted daily and the fish are taken alive. 
Gill nets Pulled through the water with boats, and fish become entangled within the mesh 
at the operculum (hence, gill net). Nets are deployed in sets of boxes with 3-4 
nets. Boxes end-to-end can be up to 8 miles long. Gill nets are fished at depths up 
to 600 feet, and fish are often dead when the nets are hauled up.  
Deep trap 
nets 
Similar to pound nets, except deployed in deep water. 
 
Yet, amid the backdrop of the growing Great Lakes fisheries during the 1870s, biologists 
became increasingly concerned about the effects on the fish populations in the Great Lakes. In 
1871, there were only four steam-powered vessels and 450 gill nets fishing the Great Lakes, but 
by 1879 there were 30 steam-powered vessels and 24,599 gill nets (Smiley 1881). One fisherman 
remarked in 1874 that “the lake [Michigan] is filled with nets, and the fish can hardly escape” 
(Smiley 1881, p. 30), and it was thought in 1875 that there were enough nets in the waters of 
Lake Michigan to extend from one end of the lake to the other (Smiley 1881). Nevertheless, the 
rapid growth of the fisheries in the 1870s and the study by Milner (1874) did little to motivate 
policy makers to implement regulations, since the ready solution was believed to be artificial 
propagation. In concluding his study of the Great Lakes fishery for the 1870s, Smiley (1881) 
wrote that “artificial propagation has already been attempted on a limited scale, and the methods 
pretty well worked out. It is believed that if carried on extensively it may become a very 
powerful factor in the remedy desired” (p. 37).      
The 1880s were another period of significant economic growth for the Great Lakes 
region. The population of Minnesota, for example, nearly doubled due to the influx of German 
immigrants. The rise in the demand for smoked Lake Herring (Coregonus artedi) catalyzed the 
development of an entire fishery industry (Koelz 1926). Even the earlier much-despised Lake 
Sturgeon became a prized catch and, by 1880, over 4,000,000 pounds were sent to market (Koelz 
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1926). By 1885, over 160 steam-powered vessels were fishing the Great Lakes, and the number 
of fishermen had doubled from 5,000 to 10,000 (Smith et al. 1890). The Great Lakes were being 
choked by the deployment of almost 97,000 gill nets (Smith et al. 1890). The total haul for 1889 
by US fishermen was 117,085,568 pounds, which was nearly twice the production in 1880 and 
nearly four times that reported by Milner in 1872 (Bogue 2000). The expansion of the Great 
Lakes fisheries was at its peak, but it may only have been possible thanks to a simultaneous 
escalation in artificial propagation of fishes. 
The fish hatcheries produced hundreds of millions of fish for restocking in the 1880s. By 
1885, over 234 million Whitefish were stocked in the Great Lakes alone (Smith et al. 1890). 
Comprehensive studies of the hatcheries and their effects on the Great Lakes fishery confirmed 
that the government-funded hatcheries were vital to sustain the steady yearly growth in 
productivity. Artificial propagation was so successful in the latter half of the 1880s that US 
hatcheries were exporting Whitefish eggs all over the world: Each year 2.5 million to England, 
1.5 million to New Zealand, and 1 million to Germany. The apparent success of artificial 
propagation cultivated an attitude that “it is cheaper to make fish so plenty by artificial means, 
that every fisherman may take all he can catch, than to enforce a code of protection laws” 
(Goode 1886).   
 
 First Attempt at International Regulation: The Joint Commission of 1892 
 
Some, like Wilmot in the 1870s, were aware that the hatcheries were doing nothing more than 
disguising the consequences of the grotesque overexploitation of the Great Lakes. Chas Smiley, 
a biologist for the US Fishery Commission, had studied the Great Lakes fishery since 1870 and 
was the first to realize that the technological changes in fishing gear and vessels greatly 
increased catch efficiency (Smiley 1881). He estimated that without artificial propagation to 
sustain the annual catch, it would take less than ten years at the current fishing intensity and with 
the available gear to completely exhaust Whitefish and Lake Trout (Salvelinus namaycush) 
(Smiley 1884). He knew that the declines that had become evident in the late 1860s and had been 
the impetus for the formation of the Fishery Commission under Spencer Baird, were real and 
could be attributed to overfishing:  
 
The first and great task of fish culture, therefore, is not so much to increase 
the number of edible fishes in any given stream as to withstand the 
enormous forces which are at work to produce their entire 
annihilation….The fish of our rivers have not only to contend with enemies 
within the water…but the aggressive character of our citizens has told 
against the foodfishes in increasing ratio annually. (Smiley 1884, pp. 65-
66) 
 
The success of the hatcheries continued to cloak the real extent of the ecological 
catastrophe occurring in the Great Lakes. The rapid growth in the fishing industry and the 
intensity by which the Lakes were fished proceeded unchecked into the 1890s as the number of 
steam-powered vessels continued to increase and then were outfitted with steam-powered net 
lifters that replaced the hand-cranked ones (Bogue 2000). This innovation allowed larger nets to 
be deployed. But when government biologists collected new data on the Great Lakes fishery in 
1890 (US Commission of Fish and Fisheries 1894), they were alarmed at what they found: The 
309 
overall catch of Whitefish had declined by 30 percent since 1885. Although the total fish catch 
remained high, it became increasingly comprised of fish species that were less desirable, such as 
Lake Trout, and surpassed the catch of Whitefish by 1890. Furthermore, the Lake Trout catch, 
which in 1885 was twice that of 1880, had only slightly increased by 1890, suggesting that it, 
too, was leveling off and may soon enter into a decline. The concern was shared by Canadian 
officials, and in 1892 Canada and the United States decided to form a joint commission to 
coordinate an investigation into fisheries of the Great Lakes to prevent the unlimited and 
destructive fishing methods and the pollution of the Great Lakes and contiguous rivers (US 
Congress 1897, p. 14). Canada was also interested in curtailing the poaching by American 
fishermen of millions of pounds of fish from Canadian waters despite armed patrols (Bogue 
1993, 2001).  
The Joint Commission of 1892 comprised experts from both Canada and the US, and 
after a five-year exhaustive study of the fisheries in the Great Lakes, they found that overfishing 
and pollution were the chief causes for the documented decline in the productivity of the Great 
Lakes. Echoing the recommendations of the Milner (1872) report, the Joint Commission 
recommended that closed seasons be put in place to protect immature and spawning individuals. 
Minimum catch lengths would prohibit the taking of any sturgeon under 4 feet in length. Fishing 
hardware was to be regulated with specific instructions regarding mesh size and types of nets to 
minimize bycatch, and the number of fishing devices (i.e., gill nets and pound nets) was to be 
reduced. To implement and enforce the proposed regulations, the Joint Commission called for a 
permanent joint commission of experts to directly supervise the Great Lake fisheries, to be 
empowered to conduct investigations, and to modify the regulations as needed (US Congress 
1897, p. 2). This was the first time that the United States and Canada collaborated on addressing 
the fishery problems facing both countries, but the political climate was not conducive to passing 
regulations that would restrict business interests, so the report of the Joint Commission fell 
stillborn from the press (Bogue 1993). 
 
 The Reality of the Great Lakes Decline into the 20th Century 
 
The failure of the Joint Commission to secure fishing regulations nevertheless signaled a shift in 
the emphasis by governmental biologists from the reliance on hatcheries as a solution to the 
overfishing problem and from there to the need for direct regulation of fishing practices. The 
detailed record-keeping that Milner had begun in 1872 provided hard evidence that the fisheries 
were in decline and that artificial propagation alone would not be sufficient to halt their 
downfall. Based on a detailed study in 1892, the fisheries statistician Hugh Smith emphasized: 
 
In anticipating the continued growth of the lake fisheries, the serious 
effects of overfishing must not be disregarded, and the possibility of 
practical extinction of some of the more important fishes must not be lost 
sight of….In looking, therefore, for the continued increase and prosperity 
of the lake fisheries, the necessity for rational regulations in certain lines 
must be recognized. (Smith 1894b, p. 364)  
 
Smith concluded that although the hatcheries may have been able to maintain the current supply, 
given the intensity of fishing and the increasing catch efficiency of the gear, artificial 
propagation would not substantially increase productivity. The fisheries biologists of both the US 
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and Canada began to focus more on the laws and regulations governing the Great Lakes, and 
they advocated for the passage of more stringent policies (e.g., MacCallum 1894; Smith 1894b) 
In the face of diminishing catch and a lack of regulations, the Great Lakes fishery 
continued to expand and exploit the natural resources for the remainder of the 1890s. By the end 
of the decade, nearly all steam vessels were equipped with steam-powered net lifters, and the 
steam-powered machines were soon to be replaced by gasoline-burning ones (Bogue 2000). 
Fish-dealing companies accumulated enormous corporate and political power and completely 
controlled the industry (“The New Fishery Trust” 1898). Large monopolies, such as the A. Booth 
Packing Company, had become international conglomerates largely owned by foreign investors 
who raised concerns about the loss of control by American businesses over their own natural 
resources (“Fishery Interests Combine” 1898). The lack of governmental oversight and the 
monopolization by companies on the American side of the Lakes was unfair for Canadian 
lawmakers, who felt that regulations put Canadian fishermen at a disadvantage.9 Their suspicions 
were correct. Since the 1870s, 80% of the total annual catch of fishes from the Great Lakes went 
to US fishermen.  
Although some local fisheries in Lake Erie and Lake Ontario were bolstered by artificial 
propagation (US Commission 1901), the overall catch of Whitefish in 1899 was only a quarter of 
what it had been in 1880, and the Lake Trout fishery, which had expanded early on in the wake 
of the decline in the catch of Whitefish, fell by more than 6 million pounds between 1893 and 
1899 (Townsend 1902). Although the fisheries that pursued more valuable species, such as the 
Lake Trout, were in decline by the end of the 1890s, the overall total catch nevertheless remained 
high and even increased by 20 million pounds from 1893 to 1899 because the pursuit of less 
valuable, or “trash”, fish (i.e., Lake Herring) made up the difference between decreasing fish and 
increasing gear efficiency. Superficially, the fisheries appeared to be more productive than ever, 
but fisheries biologists were skeptical and continued to press for regulations. 
 
 Another Attempt at Regulations: The International Commission of 1908 
 
At the turn of the 20th century, the Lake Herring fishery collapsed and the total catch of fishes in 
the Great Lakes plummeted by nearly 30 million pounds in comparison to the catch for 1899 
(Alexander 1905). The scarcity of Lake Herring intensified the Lake Trout fishery, whose catch 
numbers increased by 4 million pounds between 1899 and 1903 (Alexander 1905). Since the 
Lake Trout fishery was on the brink of collapse, state officials met with the Canadian 
government to develop appropriate regulations but resulted in no legislation (“Great Lakes 
Fisheries” 1903).      
Fishing continued unregulated until the administration of President Theodore Roosevelt 
(1901-1909) made a second attempt at developing an international treaty with Canada. In 1908, a 
treaty between the US and Canada was signed and designed to create an International Fisheries 
Commission, which would be charged with regulating fishing within their common waters. 
                                                 
9 Member of Parliament, H.W. Allen, proclaimed, “The American fishermen have caught eight fish to our one, and 
this has been going on continuously ever since 1870, and in fact in all the past years of which we have any 
record….The American people are pursuing their own policy from year to year and they refuse to enter into 
reciprocal regulation arrangements with Canada in reference to lake fisheries….I venture to say that from Lake 
Champlain to the Lake of the Woods, in all international waters, the Americans, through the stupid policy of our 
Government, are securing a great advantage over the Canadian fishermen. While our people are prevented from 
fishing, or only allowed to fish to a very limited extent, the Americans are reaping vast profits from an enormous 
trade.” (Canadian Parliament 1895, pp. 1,6, 8) 
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Biologists at the US Bureau of Fisheries were hopeful felt that “the necessity for such an 
international agreement has long been appreciated; and the practical unanimity with which the 
States have been willing to relinquish jurisdiction heretofore exercised is a most encouraging 
evidence of regard for the welfare of the fisheries” (US Bureau of Fisheries 1910, p. 19).  
The International Commission of 1908 developed a code of statutes for governing the 
Great Lakes fisheries that would regulate fishing and stocking practices. The Commission 
recommended closed seasons for Whitefish and minimal mesh sizes of nets (Jordan 1910). It also 
recommended a moratorium on Lake Sturgeon fishing to enable their population to rebound. 
Some state legislatures did not agree with these recommendations and increased their control 
over federally controlled local hatchery operations (US Bureau of Fisheries 1911).   
In February of 1910, the Commission presented each country with their recommendations 
for managing the Great Lakes fisheries to take effect no later than January 1, 1911. The 
regulations applied to pollution, hook types, the use of torches to lure fishes with artificial light, 
pound net construction, weight limits of fish, the administration of hatcheries by scientists, and 
the use of dynamite fishing which was commonly practiced (“Wanton Destruction” 1896; 
“Protection and Preservation” 1910). The proposed regulations, however, were rejected by the 
Senate Committee on Foreign Relations on the grounds that restrictions on mesh sizes would 
economically ruin the Lake Herring fishery on Lake Huron (“Against Fisheries” 1910). 
On May 22, 1911, the Senate passed the treaty after removing ten of its most important 
recommendations to sustain the Lake fisheries. The Canadian government rejected the weaker 
version of the treaty and accused the US of breaching international honor (“Progress” 1911). As 
a result, the treaty languished in Congress until the end of the administration of President 
William Taft (1909-1913). Due to inaction by the US, Canada issued an ultimatum to the 
incoming administration of President Woodrow Wilson: Either the US adopt the original version 
of the treaty that contained the regulations by March 1, 1914 or Canada would withdraw from 
negotiations (“Wilson Gets Action” 1914).  
President Wilson sent the Chief Commissioner of the US Bureau of Fisheries, Hugh 
Smith, to renegotiate the treaty with Canada and to reach a compromise (“To End Fisheries 
Dispute” 1913). The renegotiated treaty would apply to all boundary waters shared by the US 
and Canada, which included the fisheries of the Great Lakes and the Atlantic and Pacific Oceans 
along the US-Canada border. Powerful industries on the West Coast, such as the salmon canners, 
had a pointed interest in the content of the treaty (“Anxious About Fisheries” 1914).10 The US 
Senate passed the renegotiated treaty at the end of February 1914 and sent it to the House for a 
vote. Recognizing the opposition from sectors of the fishing industry, President Wilson sent a 
personal letter in support of the treaty (“Wilson Gets Action” 1914). Yet, the House refused to 
vote on the treaty and adjourned in the first week of March 1914 (“No Fishery Treaty” 1914). 
Hugh Smith, who had renegotiated the treaty, warned that “this failure to respect our treaty 
obligations leaves the international fisheries in a chaotic condition and leads to the fear that 
further depletion of international waters will result because of inharmonious laws and 
incompatible jurisdictions” (US Bureau of Fisheries 1917, p. 78).11  
                                                 
10 The salmon canners were probably responsible for the treaty revisions in 1911 that reduced its regulatory power. 
Senator Wesley Jones of Washington, the home of the salmon canners, delayed the vote on the treaty in 1908 in 
order to soften the language of the bill. 
 
11 Within a few days of the failed House vote, Smith, acting in his official capacity as the Federal Commissioner of 
Fisheries, promoted the nutritional value and cheapness of salmon, and he claimed that eating salmon could reduce 
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 World War I and the Increased Strain on the Great Lakes Fishery 
 
In the absence of regulations, the exploitation of the Great Lakes continued unchecked. As fish 
stocks continued to decline, hatcheries were increasingly relied upon to prevent the economic 
collapse of the fisheries.12 Artificial propagation efforts expanded each year after the US and 
Canada signed the 1908 treaty. In 1914, over 1.5 billion Lake Trout, Whitefish, and Pikeperch 
(Stizostedion spp.) were artificially propagated and released into the Great Lakes (US Bureau of 
Fisheries 1915).  
By the start of World War I (1914-1918), still no regulations were in place and conditions 
became further exacerbated when the buying and eating of fish was promoted as essential to the 
war effort. State regulations of the Great Lakes fishery were relaxed to increase catch yield. As a 
result, more fish were caught between 1914 and 1918 on average than any similar period of time 
since (Bogue 2000). Even the US Bureau of Fisheries explored additional ways to exploit US 
fisheries, such as developing a market for shark meat and shark-skin leather,13 as well as 
exploring the feasibility and demand for a dolphin fishery (US Bureau of Fisheries 1920).14 The 
Bureau attempted to expand the Great Lakes fishery to include Burbot (Lota lota) by promoting 
its tastiness, even though it was formally considered a “trash” fish.15 By expanding the fishery to 
include Burbot, the productivity of the Great Lakes would increase and would remove a predator 
of the more valuable fish species (“Finds New Food” 1917; US Bureau of Fisheries 1919). The 
Bureau also increased funding for hatcheries, which were so productive during the War that fish 
were even sent to the German Empire to restock their streams (“Fish Bureau’s Busy Year” 
1915).  
The increased fishing intensity during World War I took a heavy toll on the Great Lakes 
fishery. In 1917, the Great Lakes were fished by over 150,000 gill nets that were pulled by 
                                                 
the cost of living (“Eat Salmon” 1914). The US Bureau of Fisheries would later publish price charts supporting 
Smith’s claim, which further promoted an already $40 million industry (“Cheaper Than Meats” 1914).  
 
12 “The major fisheries of the Great Lakes continue to suffer from lack of uniform and consistent regulation. Under 
present conditions artificial propagation is regarded as essential for the perpetuation of the industry.” (US Bureau of 
Fisheries 1914a, p. 5) Unfortunately, artificial propagation failed to maintain sturgeon populations. “The story of the 
sturgeons is one of the most distressing in the whole history of the American fisheries….Everywhere in America, 
under existing conditions, the sturgeons are doomed to commercial extinction, and it requires no prophet to foretell 
that in a comparatively few years the sturgeon will be practically extinct” (US Bureau of Fisheries 1914b, pp. 66-
67). 
 
13 In response to the shortage of leather caused by World War I, the US Bureau of Fisheries launched a media blitz 
to promote the consumption and popularity of shark products (“Leather from Fish Skins” 1917; “May Use Fishskin” 
1917; “Shark Skins for Leather” 1917). Sharks were caught in Florida and Alaska, fileted, skinned, and then shipped 
to tanners to make leather for shoes (“Interesting Facts” 1916). The flesh of dogfish sharks was said to be the most 
delicious fish of the sea, and luminaries, such as Teddy Roosevelt, participated in state-sponsored shark hunts 
(“Finds Shark’s Flesh” 1917; “Praises the Shark” 1917). And as a bonus, it was just as cheap as salmon (“The 
Reformed Dogfish” 1917). 
 
14 The US Bureau of Fisheries tried to persuade the public that whale meat did not have a fishy taste and was better 
than beef. They estimated that a single whale could furnish 5 tons of steaks (“America Must Eat” 1918). 
Additionally, meat from Humpback Whales (Megaptera novaeangliae) was suggested as an alternative to horse 
meat for feeding the poor (“The Praises of Whale Meat” 1918).   
 
15 The Burbot was despised by fishermen who considered it predator of commercial species. It, therefore, was 
nicknamed, “the lawyer”. 
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almost 500 steam and gasoline powered vessels. Yet, less fish was caught in 1917 than in 1908 
(US Bureau of Fisheries 1921). The Great Lakes fishery was clearly in decline. The US Bureau 
of Fisheries reported on the status of the fisheries in 1921:  
 
There is scarcely a sadder feature of the history of American fisheries than 
the progressive depletion of the important resources of the Great Lakes, 
notably in respect to the whitefishes. We may have overestimated the 
possibilities of exploitation, we may have been shortsighted in the fishery 
policies we pursued, or we may not have propagated them with proper 
energy or efficiency. (US Bureau of Fisheries 1922, p. 11)16  
 
 A Renewed Sense of Urgency: The 1926 Study of the Great Lakes Fishery by Walter 
Koelz 
 
Biologists knew that the Great Lakes fishery was in decline, but without hard evidence to support 
their opinions, they were unable to persuasively advocate for regulatory measures or to resist the 
powerful business interests of the commercial fishing industry. Basic research on fish species 
was needed for determining the causes of changes in productivity and for better managing the 
role of hatcheries. Hence, the US Bureau of Fisheries commissioned a series of studies on 
Whitefish and the fishing industry of the Great Lakes following the War. These studies provided 
the first detailed assessment since 1909 of the impact of fishing practices on the biology and 
populations of fishes in the Great Lakes.17 Unfortunately, it took years to publish the results, but 
when they were finally released, they sent shockwaves through the fishing industry.  
The intense fishing before and during World War I and the intentional introduction of 
competing species, such as Smelt (Osmerus mordax), placed an enormous strain on the Great 
Lakes fishery. Lake Trout used to weigh over 125 lbs., but by 1923, catching a Lake Trout that 
weighed 10 lbs. was rare (Leach 1924a). Pollution was increasing in the Great Lakes each year 
and was beginning to negatively influence the productivity of the hatcheries, which had to 
contend with slime and high levels of sediment in the water (US Bureau of Fisheries 1924b). In 
order to receive Federal funding for artificial propagation programs, states had to demonstrate 
that protective measures were in place for each species of fish being restocked. Hence, state 
legislatures passed moderate regulations (Leach 1924b), which were, however, minimal and 
would not be sufficient to address the systemic problems plaguing the Great Lakes. 
In 1926, the US Bureau of Fisheries released the long-anticipated report on the state of 
the Great Lakes fishery (Koelz 1926). The findings of the report, which was authored by the 
                                                 
16 The US Bureau of Fisheries was over-stretched during the early part of the 20th century and focused attention and 
resources primarily on the Alaskan salmon and fur fisheries on the West Coast.   
 
17 Basic research was also important for addressing unexpected changes in the environment and fauna of the Great 
Lakes. In 1922, Federal biologists discovered large populations of non-native Smelt (Osmerus mordax) in Lake 
Michigan. State officials in Michigan had acquired Smelt eggs from a Maine hatchery from 1909 to 1921 and 
intentionally stocked smaller lakes around Lake Michigan to help start a new sports fishery (US Bureau of Fisheries 
1923; Koelz 1926). Unfortunately, some Smelt escaped from the smaller lakes and established a population in Lake 
Michigan. Fisheries biologists were concerned that Smelt were eating juvenile Lake Trout and were competing with 
adult Lake Trout for resources (Koelz 1926). Although the public showed enthusiasm for a new Smelt fishery (US 
Bureau of Fisheries 1923), the mesh net sizes required to catch Smelt would destroy immature individuals of other 
species (Koelz 1926).  
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biologist Walter Koelz (i.e., the biologist quoted by Chairman Ullrich in 2017), were dismal. By 
1922, the Lake Sturgeon and a chub fish, the Blackfin (Coregonus nigripinnis), had been fished 
to commercial extinction and both were under threat of being completely exterminated.18 The 
catch of Whitefish, which had been the most important fish in the late 19th century, had been 
reduced by 1922 to less than 20% of its former amount in 1880 (US Bureau of Fisheries 1925). 
Furthermore, twice as many pounds of non-native Common Carp (Cyprinus carpio) were caught 
in 1922 than Whitefish, whereas both were caught in equal amounts in 1917. The New York 
Times reported that “the old pioneer confidence in the inexhaustibility of nature, coupled with 
modern methods of emptying refuse of all sorts into rivers and lakes, is curtailing the supply of 
fish in the Great Lakes” (“Fish in the Great Lakes” 1926).     
 
 The Great Lakes and Lake Sempach: A Comparison and Lesson 
 
Koelz (1926) concluded that pollution and overfishing were responsible for the decline of the 
Great Lakes. Logs and debris that had accumulated over years of lumbering were churned up by 
storms, disturbed the Lake bottoms, and destroyed the habitat for young fishes. In the absence of 
regulations to limit fishing seasons or the number of nets, the intensity of fishing was sustained 
at the highest levels the industry could afford. As a result, fish stocks had plummeted. On Lake 
Michigan, for example, the Lake Herring, which was prized by settlers in the late 1800s, had 
declined by such an extent that fishermen only sought it when it was most profitable, whereas 
previously many boats had dedicated their entire seasons to fishing them. On Lake Huron, gill 
net fishermen pursued deep water Lake Trout in increasing intensity after the supply of 
Whitefish had become exhausted. The overall catch totals appeared to be holding steady, but this 
was primarily a consequence of increasing fishing efficiency and intensity.  
Koelz (1926) hypothesized that the sheer size of the Great Lakes conveyed a sense that 
their resources were inexhaustible, and that this sentiment had led to resistance of efforts to 
implement regulations. He argued that regulations were the only solution to save the Great Lakes 
and illustrated his argument by comparing the problem facing the Great Lakes with that facing 
the much smaller Lake Sempach in Switzerland, whose fisheries had been strictly controlled for 
over 300 years beginning in 1421 and produced sustainable yields each year. The original 
regulations on Lake Sempach established fishing seasons, reserve zones, minimum mesh sizes 
for nets, and maximum equipment usage and remained unchanged until 1798, when the 
regulations were relaxed. New developments in fishing technology without coinciding regulatory 
measures dramatically increased the catch per year, and in 1853, fishing leases, which had been 
controlled by the government for hundreds of years, were privatized. As a result, so much fish 
was caught that year that fresh fish was used to feed the pigs. After that, the productivity of Lake 
Sempach dwindled and never again reached the output prior to the regulatory changes. In an 
attempt to fix the collapsed fishery, new regulations were put into place and fish fry were 
brought in to restock the lake.19 By 1924, the productivity of the lake had risen considerably. For 
Koelz, the importance of regulations for saving the Great Lakes fishery could not be overstated, 
                                                 
18 The International Union for Conservation of Nature (IUCN) listed the Blackfin as extinct in 1996 (Gimenez 
Dixon 1996).  
 
19 Current regulations https://lawa.lu.ch/NJF/fischerei/angelfischerei/fischereiausuebung_sempachersee . See also 
Heer 1993. 
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and he upbraided policy makers for having taken little to no action in the preceding decades to 
preserve the Great Lakes.      
Fish yields remained at over 100 million pounds annually, but this was attributed 
primarily to an increase in the number of fishermen and in the efficiency of fishing technology 
(Koelz 1926). As prized species, such as Lake Trout and Whitefish, declined, less desirable 
“rough” of “trash” fish were increasingly taken. Artificial fish propagation continued but could 
not compensate for the decline in overall catch due to pollution and overfishing. Although 
biologists, such as Koelz (1926), Radcliffe (1929), Van Oosten (1929), Fiedler (1937) and 
others, asked for immediate regulations, the fishing intensity continued to increase.20 In 1929, a 
new fishing method, the deep trap net, in Lake Huron and Lake Michigan allowed fish to be 
taken at greater depths and in greater quantities, and in the four years since 1931, the number of 
gill nets in Lake Michigan almost doubled. 
 
 The 1930s Investigations of the Great Lake by John Van Oosten 
 
The report by Koelz (1926) and the national press coverage it received motivated the Great 
Lakes states to finally act. Conferences were held in February and March of 1927 and were 
attended by representatives from each of the Great Lakes states, the US Bureau of Fisheries, and 
representatives from the Province of Ontario. Proposals were made for regulating fishing gear, 
the size limits of fish that could be taken, and the role of the hatcheries (US Bureau of Fisheries 
1928). Resolutions were adopted by the attending parties at the conferences, but they were not 
enacted into law, and the US Bureau of Fisheries had little hope that they ever would be.21 In 
response, the Bureau initiated meetings in early 1928 during which the Great Lake states agreed 
to coordinate with the Canadian government on the systematic collection and compilation of data 
on the Lake fisheries under a newly formed International Fisheries Conservation Council of the 
Great Lakes. Although this Council existed mainly in name only, the fisheries biologist 
representing the US Bureau, John Van Oosten, oversaw the ongoing investigations. By the 
following year, all of the Great Lakes states, except Minnesota, had begun to keep detailed 
records on the daily catch of each species, the location and the number of gear used, the type of 
nets used, and the duration of fishing (US Bureau of Fisheries 1929, 1930).  
The first round of data collection revealed the need for change. For example, the nets 
used on Lake Michigan to catch chub fish (Leucichthys sp.) were also catching immature Lake 
Trout (US Bureau of Fisheries 1932). Deep trapping, a new fishing method started on Lake 
Huron in 1929 (US Bureau of Fisheries 1932), which functioned like the stationary pound nets at 
the bottom of shallow water near the shore but are deployed in deep water. Pound nets are 
arranged to lead fish from the shore into deeper waters where they enter the heart of the net, pass 
through a netting tunnel, and enter the inescapable pot. Deep trap nets function in the same way, 
but they can be deployed in deep water, usually between 60 and 125 ft. They were catching fish 
that were able to avoid the gill netting in deeper waters and turned out to be very effective in 
                                                 
20 Koelz (1926) pleaded, “…it is therefore urgently recommended that some definite and responsible organization, 
international in character, be provided through which a coordinated control of the fisheries may be secured” (p. 
617).  
 
21 Koelz commented, “…as discouraging as it is that the fish are being exterminated and the waters polluted…it is 
demoralizing to realize that nothing is being done about it” (Koelz 1928, p. 662). 
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catching adult Whitefish. Later studies showed that they could deplete a local fishery within two 
years (US Bureau of Fisheries 1936).  
Van Oosten immediately went to work revising state regulatory laws, which initially 
faced strong opposition from the commercial fishing industry (US Bureau of Fisheries 1932). 
Michigan heeded the recommendations of the US Bureau of Fisheries and passed regulations for 
deep trap nets on Lake Huron in 1933 (US Bureau of Fisheries 1934), which received wide 
support from state officials, the public, and commercial fishermen. However, other 
recommendations by the Bureau, such as revised rules on net mesh size, fishing intensity, and 
fish size limits were ultimately rejected by all Great Lakes states due to resistance from the 
commercial fishing industry (US Bureau of Fisheries 1934). 
When the funding for the US Bureau of Fisheries was significantly curtailed in 1931, Van 
Oosten and his assistants could no longer conduct the fieldwork needed to monitor the Great 
Lake fisheries and, instead, concentrated their efforts on analyzing the data that they had already 
collected and on pushing for more regulatory legislation. By 1934, the Bureau had more hard 
data to demonstrate the destructive fishing practices on the Lakes and the need for regulations. 
They recommended uniform regulations and met with officials from the conservation 
departments of several Great Lakes states to help them persuade their governments to take action 
(“Uniform Regulations” 1936; US Bureau of Fisheries 1938),  but were unsuccessful as state 
legislatures refused to pass these regulations.22 The Bureau and the state conservation 
departments came to the conclusion that the only solution was to by-pass the state legislatures 
and seek the passage of an international treaty with the Canadian government (US Bureau of 
Fisheries 1938).  
 
 A Call to Action: John Luecke and the International Board of Inquiry of 1940 
  
In 1937, Representative John Luecke, a Democrat from Michigan, introduced House Joint 
Resolution 504, which would grant the US Bureau of Fisheries the power, autonomy, and 
funding to perform the necessary investigative work for all of the Great Lake fisheries with the 
goal of coordinating control of the Lakes across state lines. He gave an impassioned testimony 
on July 22, 1937, in front of the U.S. Congress Committee on Merchant Marine and Fisheries: 
 
When I was in the State senate back in Michigan, I first became acquainted 
with the fishing problem in the Great Lakes and, being a resident of the 
upper peninsula, representing a district which, perhaps, has more coast line 
than any other district in Congress, naturally I should be interested in the 
fishing problem. 
Two years ago in the State senate, I looked into the condition which 
existed at that time and, of course, which only affected Michigan waters. I 
found that the fish in the Great Lakes were ‘on their way out’ and that 
something constructive had to be done within a very short time to conserve 
the fish resources. It is not yet too late to do that; there is yet an abundant 
supply of the species which exist and if coordinated control could be had at 
this time, or in the very near future, I think the fish supply could be made 
to last for a long time.  
                                                 
22 Van Oosten despaired that, “the final result of continued lack of uniform regulation appears to be obviously 
indicated by what has happened in the past” (US Bureau of Fisheries 1936, p. 372). 
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I saw the timber go up in the North. I can remember, only a few 
years back, in my boyhood days, when I could travel only 3 or 4 miles 
from home and be right in the midst of what you might call primeval 
forests. But now, in order to do that, you have to travel perhaps a hundred 
miles and then can only find a very small stretch of it. There was perhaps 
an excuse for such abuses of our natural resources as far as timber is 
concerned, for the simple reason the country was growing up and everyone 
was interested in making money. 
The legislatures of the States did not seem to think it was an 
important problem; that these forest resources would last forever; but, 
before we knew it, we woke up one fine day and found out that the forests 
were gone. But now, as I see it, there is no excuse to let the fish go that 
way, also. The communities are established. This thing has been brought 
before public attention time and time again and surely it is difficult to find 
one person who would stand up and say we should allow this thing to go 
on—in other words, to let nature take its course among the fishermen up 
there until the supply is utterly exhausted. (U.S. Congress 1937)  
 
Rep. Luecke’s resolution passed the House and the following year the Senate. 
Van Oosten published an article in The Izaak Walton League, a publication of a 
conservation and sportsman organization that appealed to commercial and sports 
fishermen to join together and work toward the common good of the Lakes. He 
criticized the failure of the states to pass regulations after repeated warnings about the 
imminent consequences facing the Great Lakes. He concluded by appealing to a sense 
of collective ownership of a shared resource. “A public united, the fisheries stand; 
divided they fall. Save the Great Lakes fisheries, Mr. Citizen; they belong to you.” (Van 
Oosten 1939) 
 In 1938, the Council of Governments, which was an organization of legislators and 
representatives from various state departments, passed a resolution requesting Congress to 
establish an International Board of Inquiry to investigate and recommend conservation measures 
for the Great Lakes fishery (Book 1938) and urged state legislatures to grant conservation 
departments the power necessary (Book 1938). 23 Regulations were needed to control the 
growing sports fishing industry, which was taking an annual catch from the Lakes estimated to 
be as large as that by commercial fishermen (US Bureau of Fisheries 1950).  
 On February 29, 1940, the US Secretary of State and the Minister of Canada signed an 
agreement to establish the Board of Inquiry for the Great Lakes (US State Department 1940). 
Each country appointed two board members. Hubert Gallagher, the Chairman for the Council of 
Governments, and John Van Oosten of the US Fish and Wildlife Service served as the US 
representatives.24 The Board was tasked to investigate the Great Lakes fishery and to make 
recommendations on how the fishery could be preserved. However, the Board was not given 
                                                 
23 The Council of Governments was established in 1935 to “to devise and promote means by which the states could 
better cooperate with one another and with the federal government in order to bring about unified, harmonious 
action on questions beyond the scope of federal jurisdiction but not within the power of states, separately, to solve” 
(Book of the States 1938 p. 10). 
 
24 The US Fish and Wildlife Service formed in 1940 and replaced the US Bureau of Fisheries.  
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regulatory power. After a two-year investigation, the Board released their findings on August 6, 
1942 in the midst of the World War II (International Board of Inquiry 1943): 
 
1) In every one of the Great Lakes many species of fish have been greatly reduced 
in numbers as compared with the abundance of early years.  
2) The general decline in yield of the Great Lakes fishes has been due largely to 
too intensive and unwise fishing.  
3) There is an urgent need for better regulation of the fishing industry including 
greater control of the markets and interstate traffic of fish, for additional 
protection of the stock of fish in the lakes, and for reduction or prevention 
of harmful pollution.  
4) To assure their effectiveness, regulations on closed seasons, minimum size 
limits of fish, size of mesh and depth of nets, and methods of measuring 
meshes must be made uniform where and when conditions are identical or 
comparable and without reference to state or international boundary lines.  
5) Uniformity of regulations and enforcement are impossible to achieve under the 
present system of divided State control of the fisheries.  
6) Since the Province of Ontario shares with the States the jurisdiction of the fishes 
in the boundary waters, it was determined that the promulgation of an 
international treaty between the United States and Canada is the only 
practicable method of obtaining uniform regulations and uniform 
enforcement.  
 
As in previous studies, the Board found that overfishing was the primary cause 
of the decline of the Great Lakes fishery and recommended closed seasons and 
restrictions on gear type. They further recommended the protection of game fish 
spawning grounds, which was viewed favorably by sports fishermen. Although 
fishermen were in favor of artificial propagation, the Board found no evidence that 
hatcheries actually increased the population size of stocks instead of simply maintaining 
them at a certain level. Larger fish would have higher chances of survival, but the Board 
warned that the financial costs of restocking fish at more advanced ages made this 
approach impractical.  
 
 Resistance to Regulation: Opposition from Commercial Fishermen 
 
The International Board of Inquiry also interviewed local fishermen about their views of 
the Great Lakes fisheries. Based on the interviews of almost 700 licensed commercial 
fishermen, the two most important concerns were overfishing and pollution. Over 90% 
were in favor of regulations either on mesh sizes, minimum size limits, closed seasons, 
or gear type, and over 80% favored regulations on all of those areas. Yet, only one 
quarter were in favor of regulation enforcement by an international organization or the 
Federal Government.  
Some commercial fishermen completely opposed the purpose of the Board and 
felt victimized by the sports fishing industry. For example, John Schacht, the president 
of the Great Lakes Fisheries Association, which represented over fifty commercial 
fishing businesses from six Great Lakes states, blamed sports fishermen for 
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exaggerating the impact of the commercial fisheries on the Great Lakes. He said, “as a 
result of all this agitation, the people at large have formed the opinion that the 
commercial fishermen of the Great Lakes are shamefully exploiting the fisheries for 
their own selfish ends; they picture these fishermen as wanton destroyers of fish life” 
(US Congress 1946a p. 190). Schacht also blamed “militant ultraconservationists” (US 
Congress 1946a p. 667) and accused them of generating “a wild clamor for drastic 
legislation, followed by a veritable flood of ill-advised legislative bills, which are only 
harmful to the commercial fishermen, and are of no value whatever from the 
conservation angle” (US Congress 1946a, p. 667), although he admitted to circulating a 
pamphlet with misleading figures “to counteract the propaganda that has been spread on 
the depletion of the fisheries” (US Congress 1946a, p. 304). He submitted a resolution 
to the Board on behalf of the Great Lakes Fisheries Association stating “that we the 
undersigned, being fishery associations of the Great Lakes…go on record as being 
unalterably opposed to any treaty between the United States and the Dominion of 
Canada” and “that we consider it most unwise to surrender our valuable fishery rights to 
an international board and thereby lose all control over this great heritage” (US 
Congress 1946a, pp. 198-199). The opposition by commercial fishermen explains why 
the last 27 international and interstate conferences prior to the Board of Inquiry failed to 
achieve coordinated action (Piper 1967). Nevertheless, the Board concluded that only 
an international treaty could solve the problems of the Great Lakes fishery.  
 The recommendations by the Board agreed with prior studies on the decline of the Great 
Lakes fishery. Similar recommendations had been made since 1871 based on studies that 
documented the precipitous decline of fish stocks in the Lakes. These recommendations were 
supported by conservation groups and scientific societies, such as the Izaak Walton League and 
the American Fisheries Society. Yet, the state and Federal governments repeatedly failed to act.  
 
 The Great Lakes Fishery after World War II: Treaties, Regulations, and Conspiracies 
 
World War II slowed the follow-up progress on the Board of Inquiry’s recommendations. The 
fisheries no longer published detailed Bulletin reports, and resources for monitoring the Great 
Lakes were scarce. Nevertheless, statistics on the fishery continued to be collected. After the 
implementation of food rationing at the start of 1943 (Collingham 2012), the price for fish 
skyrocketed. The total catch for 1943 was worth 42% more than that of the previous year, and 
the catch size of 1943 had increased by 3 million pounds within one year. The average catch for 
Lake Trout during the war had reached levels that had not been seen since 1935. The US 
proportion of total catch increased by almost 10% over that of Canada. But these numbers were 
hiding alarming trends. For example, the catch of Lake Trout on Lake Huron had declined to 
only 12% by 1945 of what it was in 1939. Whitefish had appeared to make a comeback on Lake 
Michigan in the early years of the War, but the increase in Whitefish population was a 
consequence of the marked decrease in fishing intensity on them due to the War (Van Oosten et 
al. 1946).    
The end of the war brought renewed concern about the increasingly precarious state of 
the Great Lakes fisheries, when the US Fish and Wildlife Services released a report on the state 
of the US fisheries (US Fish and Wildlife Service 1945b). The section on the Great Lakes 
fisheries included the following paragraph: 
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Time has brought many changes in the Great Lakes fisheries. Whereas 
formally the fisherman made large catches fishing from his sailboat with 
crudest of gear, now he is hard put to show a profit in spite of the 
advantages of powerboat and modern fishing equipment. This dismal 
situation comes from bad management of our Great Lakes resources. 
Certain fishes that were once abundant are now commercially insignificant 
(sturgeon, Lake Erie cisco, blackfin of Lakes Huron and Michigan, bluefin 
of Lake Superior) or extinct (Lake Ontario bloater). Others (as lake trout, 
whitefish, the pikeperches, and the yellow perch) have been so reduced that 
in many areas production has declined in spite of greatly increased fishing 
intensity. Fishes formally considered “trash” (suckers, carp, sheepshead, 
burbot) are replacing the more valuable species in the catch, and even these 
cheap fishes show signs of declining abundance in some areas. (US Fish 
and Wildlife Service 1945b, p. 112) 
 
The report recommended regulations as being “essential for restoring the Great Lakes 
fisheries” (p. 112), but since regulations had been met with insurmountable difficulty in the past, 
the US Fish and Wildlife Service officially recommended only the establishment of an 
international governing body to manage and enforce regulations on the Lakes.  Shortly 
thereafter, the US Congress renewed its efforts to secure a treaty between the US and Canada for 
managing the Great Lakes fishery. Hearings were held in early 1945 before the US House 
Committee on the Merchant Marine and Fisheries to explore a treaty agreement and to 
investigate the impact regulations would have on the fishing industry (US Congress 1945b). The 
hearings were led by Representative Fred Bradley, a Republican from Michigan, and 
Representative Alvin Weichel, a Republican from Ohio. Fred Bradley had defeated 
Representative John Luecke in 1938 and was only now picking up the effort that had been 
initiated by John Luecke.  
John Van Oosten testified in front of the Committee on the Merchant Marine 
that uniform regulations were badly needed, but that their passage had been repeatedly 
blocked by the states. He informed the Committee that some of the regulations that 
were recommended by the Board in 1942 were nearly identical to those that had been 
recommended back in the 1870s. The Committee also heard from representatives of the 
commercial fishing industry. Some testified in favor of governance of the Lakes by 
international treaty because they felt that rival fishermen from states with less stringent 
regulations were outcompeting fishermen in states that had stricter laws. For example, 
fishermen from Wisconsin blamed fishermen from Illinois and Indiana for fishing the 
waters of Wisconsin when they were closed to the fishermen of that state. The 
fishermen felt that uniform regulations at the Federal level would be able to prevent 
these kinds of interstate conflicts. Other commercial fishermen rejected regulations on 
closed seasons, which, they argued, were passed by the state legislatures to appease 
sport fishermen and the tourist industry. Almost all fishermen testified against 
regulations on mesh size of nets, and some argued that a quarter inch difference in mesh 
size would be enough to put them out of business. A few mentioned the problem of 
pollution, which they saw as a threat to the integrity of their nets that had to be 
thoroughly washed and boiled after each use. The Committee meeting ended with 
nothing to show for.    
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The following year, on April 22, 1946, the administration of President Harry 
Truman released a negotiated treaty with Canada on the shared governance of the Great 
Lake fishery (US Congress 1946a, p. 4091-4094). Article II of the treaty established an 
international commission with a US and a Canadian section, as well as an advisory 
committee for each Lake. Article IV gave this commission regulatory power over the 
following areas:  
 
(a) Open and closed seasons; 
(b) Open and closed waters; 
(c) The size limits for each species of fish; 
(d) The time, methods and intensity of fishing; 
(e) The type and specifications of the nets, gear, and apparatus and appliances 
that may be used; 
(f) The methods of measurement; 
(g) The extent and nature of stocking operations; 
(h) The introduction of new species 
(i) Catch returns and other statistical records to support the purposes of the 
Committee 
 
Article IV also empowered the Commission to regulate pollution and other factors that 
could negatively impact the great Lakes only based on the approval of the US President 
and the Canadian Governor General. These regulatory provisions were consistent with 
the recommendations of the past seventy years, but as before, they were opposed and 
ultimately defeated.   
 The Committee on the Merchant Marine held hearings on the negotiated treaty 
later that year on June 12, 1946 (US Congress 1946b). These hearings were called on 
short notice and were attended by only three representatives, Rep. Bradley (R-
Michigan), Rep. Weichel (R-Ohio), and Rep. J. Hardin Peterson (D-Florida). Reps. 
Bradley and Weichel called the meeting to ensure that opposition to the treaty by 
commercial fishermen could be recorded. According to Rep. Bradley, he had yet to 
meet a commercial fisherman in favor of the treaty. Nevertheless, he attended the 
hearings as an observer since they were “primarily Mr. Weichel’s baby” (US Congress 
1946b, p. 10). Rep. Weichel was opposed to the treaty and engaged in combative 
exchanges with testifying government officials.  
In a bizarre start, Mr. Weichel queried William Florey, the Chief of Fisheries 
and Wildlife for the State Department, with the words, “Just who are you?” (US 
Congress 1946b, p.10). He was displeased that Canada would be involved in managing 
the Great Lakes and demanded to know who in the State Department invited the 
Canadian government to negotiations. “Who was the person? I want some names. Who 
was the person that called, and who was the person that brought this in. What was his 
name?” It was clear that Rep. Weichel was suspicious of the treaty and believed that a 
cabal had been organized to control the Great Lakes.  
Hubert Gallagher, the Associate Director of the Council of State Governments, 
which had played an important role in developing the momentum for the treaty in 1938, 
answered Rep. Weichel that there was no one person, but that this had been a 
recognized problem for 67 years before saying, “Mr. Congressman, you sound as 
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though it is a plot or something. It is not a plot at all.” (p. 12). Rep. Weichel responded, 
“All this thing about big, high-sounding terms—I want some names. Who brought this 
thing in there and who propagandized this thing with the Council of State 
Governments? I want the names.” When Mr. Gallagher attempted to respond, Rep. 
Weichel interrupted him and instructed the recorder to repeat the question “so he 
understands it.”  
Rep. Weichel demanded that all proceedings of past meetings by Mr. 
Gallagher’s organization leading up to the treaty proposal be submitted for analysis. A 
Mr. Herter (undescribed affiliation) informed Rep. Weichel that he had been a member 
of the Council of State Governments for six years, “and if there is any plot involved I 
am glad to be a party to that plot.” Rep. Weichel appeared to suspect nefarious 
machinations surrounding the involvement and negotiations with Canada, who would 
share regulatory control of waters where 80% of the fish were contained on the US side. 
He specifically accused Mr. Gallagher and biologist John Van Oosten (see 8.2.11) of 
persuading President Franklin Roosevelt to sign an agreement with Canada back in 
1940 and claimed that the only justification for the treaty was the opinions of Mr. 
Gallagher and Van Oosten.  
Rep. Weichel argued that governmental agencies should have conducted 
research on the Great Lakes before recommending policies that would override state 
jurisdiction, including his state of Ohio. Rep. Weichel: 
 
“Why was it not done that way? Who was the person who was pushing this 
take-away-from-the-States business, rather than research? It seems to me 
that the Department of Wildlife and Mr. Van Oosten, working for them, 
instead of propagandizing the idea of this control business, should have 
recommended that the treaty, or by Executive order something should have 
been set up, providing for long-time research study. Why was that not 
done, instead of giving away States’ rights in the first place?” (p. 20)  
 
Although he was reminded that decades of research had preceded the recent treaty 
negotiations, Rep. Weichel simply dismissed them as being “half-baked”. 
Reps. Bradley and Weichel felt that the voices of commercial fishermen were 
being ignored and suggested that the investigations by the Board of Inquiry from 1940-
1942, which were headed by Van Oosten, were mishandled and did not treat the 
commercial fishermen fairly. Furthermore, they opposed the implementation of uniform 
regulations and shared governance with Canada over resources they felt belonged to the 
US. Rep. Weichel was especially suspicious of the Fish and Wildlife Service and was 
skeptical that they had the evidence needed to justify their claim that the Great Lakes 
were overfished.   
Rather, Reps. Bradley and Weichel believed that they knew what the real 
problem of the Great Lakes was: The Sea Lamprey. The day after the hearings 
concluded, the two representatives proposed joint resolutions directing the Fish and 
Wildlife service “to investigate and eradicate the predatory sea lampreys of the Great 
Lakes” (US Congress 1946b, pp. 6883-6884). As a result, the Great Lakes treaty of 
1946 would languish in Congress awaiting ratification by the Senate for the rest of the 
Truman administration until it was withdrawn in 1953 by the incoming administration 
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of President Dwight D. Eisenhower. In 1954, a new draft treaty was submitted to 
eradicate the Sea Lampreys in the Great Lakes.      
 
 Placing the Blame on Sea Lampreys 
 
 The Anadromous Atlantic and the Landlocked Great Lakes Sea Lampreys 
 
Sea Lampreys (Petromyzon marinus) are jawless fishes that are indigenous to the Atlantic Ocean 
and the Mediterranean Sea (Renaud 2011). They go through three distinct life stages: The larval, 
juvenile and adult stages. As larvae, Sea Lampreys are only a few centimeters long, lack eyes, 
and filter-feed detritus while being partially buried in the sandy bottoms of freshwater streams. 
After four years, the larvae metamorphose into juveniles during which period they develop eyes, 
teeth, and a rasping tongue. The juveniles migrate downstream to enter saltwater of the Atlantic 
Ocean or the Mediterranean in order to feed on the blood and body fluids of fishes by attaching 
to their victim’s bodies with their suctorial mouths and rasping a hole through the skin with their 
tongue (Hardisty 2006). After feeding for about two years, the juvenile Sea Lampreys, which can 
measure up to a meter in length, begin migrating back to freshwater rivers, which they locate by 
following the pheromonal attractants released by lamprey larvae (Li et al. 1995). As they 
migrate, they cease feeding, and their bodies undergo a second metamorphosis in preparation for 
spawning. The adult Sea Lampreys ascend the freshwater tributaries in search of appropriately 
sized rocks and stones for building a nest. Once they find a mate, they spawn for a period of 
three days before dying shortly thereafter (Hardisty and Potter 1971).  
 In contrast, land-locked Sea Lampreys are found in Lake Ontario, but their origin is a 
matter of debate (Bryan et al. 2005; Waldman et al. 2006; Eshenroder 2009; Waldman et al. 
2009; Eshenroder 2014). Populations could have established themselves within the tributaries of 
Lake Ontario thousands of years ago when the Lake region was covered by the Champlain Sea, 
which was continuous with the Atlantic Ocean at that time (see Chapter 7). This possibility is 
made more plausible by the recent confirmation of landlocked salmon populations that colonized 
Lake Ontario from the Atlantic at the end of the ice age (Guiry et al. 2016). Atlantic Sea 
Lampreys could theoretically reach Lake Ontario via the St. Lawrence River, but there is little 
evidence that individuals leave the Atlantic to make the over 300-mile-long trek to Lake Ontario 
from the Atlantic Ocean. 
 The Sea Lampreys in Lake Ontario live their entire lives in freshwater. They spend their 
larval stages in the tributaries of the lake, and they migrate after metamorphosing into their 
juvenile forms to feed on the fishes of the lake. Land-locked Sea Lampreys are much smaller 
than their Atlantic relatives and grow only to about 30-40 centimeters in length (Renaud 2011). 
They share the lake with two other lamprey species, namely the Silver Lampreys (Ichthyomyzon 
unicuspis) and American Brook Lampreys (Lethenteron appendix) (Renaud 2011). All three 
species were historically and naturally prevented from entering Lake Erie and the other upper 
Great Lakes by the Niagara Falls. 
 
 The Historical Reputation of Sea Lampreys 
 
Sea Lampreys have had a negative reputation in the Great Lakes region since they were first 
observed. In 1835, Charles Fothergill recorded an observation of a Sea Lamprey in a creek 
tributary of Lake Ontario and wrote in his diary that “this troublesome-formidable and most 
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destructive fish is but too common in Canada” (Lark 1973, p. 133). In 1833, after the opening of 
the Welland Canal, which allowed ships to enter Lake Erie by bypassing Niagara Falls, a 
naturalist from Ohio, Dr. Jared Kirtland, expressed dismay that the Sea Lampreys would surely 
use the canal to invade Lake Erie (Trautman 1949). George Goode, a biologist with the 
Smithsonian Institution, described lampreys as “among the lowest” of fishes and that “there can 
be but little doubt that to the lampreys may be credited an immense destruction of the various 
food-fishes which enter estuaries and rivers” (Goode 1882, pp. 349-350). The first lamprey 
biologist, Simon Henry Gage, summarized the fishermen’s view of lampreys and wrote in 1893 
that “it seems to the writer that from every economical standpoint it would be advantageous to 
rid the world entirely of the lampreys” (Gage 1893 p. 462). This sentiment was palpable when 
Sea Lampreys were accused of killing numerous hatchery salmon (Cobb 1900). At the beginning 
of the 20th century, lampreys were officially designated by the US Bureau of Fisheries as 
“enemies” of fish (US Bureau of Fisheries 1924a, p. 42). By the time Sea Lampreys spread 
across the Great Lakes in the 1930s and 1940s, their reputation had preceded them. They were, 
therefore, an obvious choice for serving as a scapegoat when policy makers needed an alternative 
culprit to overfishing to explain the demise of the Great Lakes. 
 
 The Colonization of the Great Lakes by Sea Lampreys 
 
Sea Lampreys were first observed in the Great Lakes above Niagara Falls in the 1920s and 
spread throughout the Great Lakes over the next two decades and into the 1940s. The first 
recorded observation of a Sea Lamprey above the Niagara Falls was made by fishermen on Lake 
Erie on November 8, 1921 (Dymond 1922). Probably due to their initially small population size, 
they were not observed in Lake Erie again until six years later (Hubbs and Brown 1929).25 
Nevertheless, their populations increased sufficiently for them to spread to the upper Great 
Lakes. In 1930, fishermen reported Sea Lampreys in the St. Clair River, which connects Lake 
Erie to Lake Huron (Hubbs and Pope 1937). By 1936, fishermen were finding them in Lake 
Michigan, and by the mid-1940s Sea Lampreys had reached Lake Superior (Hubbs and Pope 
1937; Shetter 1949). 
 
 Sea Lampreys as a Threat to the Fisheries 
 
Fisheries biologists were concerned about the presence of Sea Lampreys in the Great Lakes and 
worried Sea Lampreys would cause negative effects similar to the invasive carp and smelt 
(Creaser 1932). Many described Sea Lampreys with similar language to that used in the late 
1800s. In 1933, the biologist Charles Creaser warned that “knowing its record of destruction 
among the food fishes of Cayuga Lake, we must consider it as one more source of further 
depletion of the fishes of the Great Lakes” (Creaser 1933, p. 12).26 The biologists, Carl Hubbs 
and TEB Pope (1937) warned about the “predatory destructiveness” (p. 172) of Sea Lampreys on 
food fishes. Hubbs and Brown (1929) suggested that Sea Lampreys were partly responsible for 
depleting the Lake Erie fisheries, even though only two Sea Lamprey sightings had been 
confirmed in the that lake.  
                                                 
25 The second observation of a Sea Lamprey in Lake Erie was made by John Van Oosten.  
 
26 Simon Henry Gage studied the Sea Lampreys in the Cayuga Lakes and was largely responsible for providing the 
data used by Creaser (see also Gage 1893). 
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Most biologists, however, were less concerned about Sea Lampreys than about the effects 
of human pollution and unregulated commercial fishing on the Great Lakes (e.g. Radcliffe 1929; 
Van Oosten 1936). Research overwhelmingly indicated that overfishing and pollution were 
responsible for the demise of the Great Lakes fishery (Egerton 1985). In annual reports during 
World War II, the US Fish and Wildlife Service repeatedly attributed the demise of the Great 
Lakes to unregulated fishing and did not mention Sea Lampreys as a factor (US Fish and 
Wildlife Service 1941, 1942, 1944, 1945a).  
In 1940, the International Board of Inquiry researched the impact of Sea Lampreys on the 
Great Lakes and found that they did have an economic impact since fish sold with Sea Lamprey 
scars were not as profitable. Yet, most fisheries within the overlapping range of Sea Lampreys 
were unaffected (Shetter 1946). By the end of World War II (ca. 1945), data indicated (again) 
that the primary cause of the Great Lakes fishery decline was overfishing, and pollution and 
uniform regulations were needed in order to save the Lakes (US Fish and Wildlife Service 
1945b).   
 
 Sea Lampreys Go to Washington 
 
The presence of Sea Lampreys in the Great Lakes came to the attention of policy makers during 
the hearings on the Great Lakes fisheries held in 1945 by Reps. Fred Bradley and Alvin Weichel 
of the House Committee on the Merchant Marine and Fisheries (see 9.2.14; US Congress 1945). 
Rep. Bradley represented a district in Michigan where Sea Lampreys were blamed by fisherman 
for declining fish catches (Shetter 1946) and was acquainted with the concerns of sport and 
commercial fishermen. As a result, Rep. Bradley and Rep. Weichel became legislative point men 
for developing a policy that blamed Sea Lampreys for the problems facing the Great Lakes.  
Commercial fishermen were quick to blame the Sea Lampreys for the declining catches 
rather than their own fishing practices and were always looking for other excuses rather than 
blaming themselves. For example, Charles Hagen, a commercial fisherman and owner of Hagen 
Fish Co., testified during the hearings in 1945 that “at the present time our fish are threatened 
with destruction on account of the lamprey eel. Since they have come there are no trout left” (US 
Congress 1945, p.33). Rep. Bradley agreed and declared that Sea Lampreys were “one of our 
most serious problems” (p. 33). Hagen, in contrast, testified that the Lake Herring fishery was 
suffering because of mesh size regulations, then shifted blame for the decline in Whitefish on the 
deep-trap-nets, and finally blamed Sea Lampreys for the scarcity of Lake Trout, but never 
blamed commercial fishermen like himself.  
Although it is possible that the decline of each fishery was caused by different factors, his 
remarks in 1945 about the decline of Lake Trout are revealing when compared to earlier 
testimony he gave in 1940 to the International Board of Inquiry. In 1940, Mr. Hagen blamed the 
Canadian fishermen, closed seasons, deep-trap-nets, storms, and the lack of sufficient hatcheries 
(but, just in case officials took his advice, he could recommend a great location to build a new 
one) (US Congress 1946, p. 597). He also claimed in 1940 that the Lake Trout were virtually 
non-existent but blamed their scarcity on the Smelt. He reasoned that the Lake Trout like to eat 
Smelt, which he considered a trash fish, and, therefore, the Lake Trout were always chasing 
schools of Smelt. Hence, he was unable to fish for Lake Trout without catching a net full of 
Smelt. He shifted blame for responsibility of his fishery troubles from one convenient target to 
another. Therefore, it was unsurprising when Hagen blamed Sea Lampreys for his troubles in 
1945, especially since their reputation had preceded their arrival.  
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 By the end of 1945, two competing priorities for managing the Great Lakes emerged: 
Overfishing and Sea Lampreys. By this point, fisheries biologists considered overfishing as the 
most important problem to solve and advocated for the establishment of an international body to 
regulate the Great Lakes fisheries (US Fish and Wildlife Service 1945a). They were also 
concerned about the Sea Lampreys, but the lampreys were just another problem on a growing list 
that included disease and pollution. They viewed international governance as the common 
solution for addressing all of the problems facing the Great Lakes. On the other hand, 
commercial and sports fishermen considered Sea Lampreys the most important problem to be 
solved and advocated for their eradication (“Fishermen’s Committee” 1945). They did not 
consider overfishing to be a factor in the demise of fisheries!  
 The House Committee of Merchant Marine and Fisheries held hearings on June 12 and 
13, 1946 on the “Menace of the Lamprey” (US Congress 1946b). In his opening remarks, Rep. 
Bradley noted the “tremendous increase in the menace of the lamprey eel”, which he described 
as being three feet long and attacking Lake Trout that were already caught in the net (US 
Congress 1946 p. 1). Claude Ver Duin, a commercial fisherman with the Michigan Fish 
Producers Association, who was a member of the Great Lakes Fisheries Association, testified 
that the number of Sea Lampreys was increasing in Lake Huron and that “they will attack 
practically any fish, so that no fish in the Great Lakes area are safe from the attack of the 
lamprey” (US Congress 1946, p. 2). In response, Rep. Bradley exclaimed that if funds for 
eradicating the Sea Lamprey are not forthcoming, then “our fisheries are done on the Great 
Lakes” (US Congress 1946, p. 4). He also thanked his local sports fishing organization, East 
Presque Isle County Sportsman’s Club, for their efforts in trapping the Sea Lamprey in the 
Ocqueoc Rover (US Congress 1946b, p. 5).27  
 John Van Oosten, a fisheries biologist with the US Fish and Wildlife Service, testified 
after Ver Duin and brought photographs of Sea Lamprey oral disks for added effect. He testified 
that the Sea Lamprey problem was being addressed by the conservation departments of the 
states. However, Sea Lampreys did not adhere to state borders and had also been observed 
spawning in Canadian rivers. In his view, the only solution to the Sea Lamprey problem was 
successful passage of the treaty that had been signed by the Truman administration earlier that 
year to internationally manage and regulate the Great Lakes and emphasized the role of the 
Federal government in enforcing regulations (US Congress 1946b).28  
Van Oosten viewed the Sea Lamprey problem as an opportunity to garner more support 
for establishing an international regulatory body. However, his suggestion for establishing an 
international body was dismissed by Rep. Bradley, who felt that the situation was dire and 
deserved an immediate response. Rep. Bradley admitted that the states could not handle the 
problem on their own and that Federal help from the US Fish and Wildlife Service would be 
required. He told Van Oosten, “I want action now, next year. We cannot stop them today, but we 
can next March or April, whenever they start to run. That is why I want to get some help from 
the Federal Government” (US Congress 1946b, p. 9). 
                                                 
27 Rep. Bradley’s sportsman club was instrumental in testing the effectiveness of weirs for blocking Sea Lamprey 
spawning runs in 1944 and 1945 (US Congress 1946b, p. 5).  
 
28 Van Oosten testified, “Of course, under this proposed treaty, if we ever have this Commission formed it would be 
possible, then, for the Federal Government—in fact it would be its duty, I should say—to undertake to manage this 
particular problem” (US Congress 1946b, p.9). 
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 Rep. Weichel, a lawyer, was displeased with Van Oosten and the lack of information the 
US Fish and Wildlife Service had about the extent of the Sea Lamprey problem. He cross-
examined Van Oosten on why nothing had been done about Sea Lampreys in the years since 
their detection. Van Oosten tried to explain that the US Fish and Wildlife Service was not 
directly in charge of dealing with Sea Lampreys and that they fell within the jurisdiction of the 
states. Rep. Weichel, who was suspicious of Van Oosten’s motives, remarked, “You are very 
much interested in the international problem” (US Congress 1946b, p. 12). Rep. Weichel was 
opposed to making this an international problem.  
 The hearings about the Sea Lampreys in the Great Lakes were held at the same time as 
the hearings on the Great Lakes fisheries treaty. Rep. Weichel grilled the state department 
representative, William Flory, and Van Oosten on what he saw as propagandizing the problem of 
overfishing, which led to the current effort to establish international governance of the Lakes. 
When Flory suggested, in agreement with Van Oosten, that the Sea Lampreys could be addressed 
through the international treaty, Rep. Weichel rebuked him and said, “It looks to me that 
something is wrong right there…You do not have to have a treaty to do that” (US Congress 1946 
p. 16). On the following day, Reps. Bradley and Weichel introduced a joint resolution that 
directed the US Fish and Wildlife Service “to investigate and eradicate the predatory sea 
lampreys of the Great Lakes” (US Congress 1946, p. 17). The resolution passed and the 
President signed it into law on August 6, 1946 (US Fish and Wildlife Service 1947).            
 
 The War on Sea Lampreys 
  
The decision to blame Sea Lampreys for the dismal state of the Great Lakes set off a media blitz, 
which bordered on hysteria about the lamprey threat. A few days after passing legislation to 
eradicate the Sea Lampreys, Rep. Bradley held a radio broadcast, titled “Lamprey Eel Menace”, 
and interviewed Van Oosten about the destructiveness of the Sea Lamprey in the Great Lakes. A 
few months later, the New York Times ran an article about the threat of the Sea Lamprey with 
the headline “Fish in Hot Water” (Wells 1946). Life Magazine ran an article in 1947 titled “Sea 
Lamprey Menace” (Life 1947). The whole nation was terrified about the Sea Lamprey invasion. 
An article in the Minneapolis Star Tribune on April 14, 1950: 
 
A few weeks ago Henry Smith, commercial fishermen of Waukegan, Ill, 
took his boat out into the trout beds of Lake Michigan. He set four miles of 
nets. Several days later he went out again and lifted them. He caught six 
trout. Five years ago the same operation might well have produced 6,000 
pounds of fish. Now those great succulent trout are gone. The Great Lakes’ 
fishing communities are crumbling. Millions of dollars’ worth of nets and 
gear and boats lie useless. Young men seek other jobs, but the older ones 
hold on, desperately trying to eke out a living catching coarser fish. There 
is a murderer abroad in our Great Lakes that has all but destroyed one of 
America’s greatest commercial and sporting fish. His name is the sea 
lamprey, an eel-like bloodsucker originally a native of the Atlantic ocean. 
Having begun on the lake trout because of its small, soft scales, this same 
killer is now preying on the whitefish, the herring, the chub…anything that 
moves. (reproduced in Egan 2017, pp. 45-46) 
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The Louisiana Conservationist ran two articles about the “deadly menace” of the Sea Lampreys, 
and the Commissioner of the Louisiana Fish and Wildlife Service authorized an official warning 
that residents should monitor the lamprey species native to Louisiana in case they were on the 
rise (Gowanloch 1950, 1951). The Sea Lampreys had become public enemy number one. 
 
 Sea Lampreys as Public Enemy Number One 
 
As the treaty proposed by the Truman administration in 1946 to internationally regulate and 
manage the Great Lakes fishery languished in the Senate without ratification, the Sea Lamprey 
eradication program was expanded. The House Committee on Merchant Marine and Fisheries 
met in 1949 to add a Sea Lamprey control program to the original appropriation granted in 
1946.29 Although the hearings were supposed to focus on controlling Sea Lampreys, the 
testimony repeatedly veered into debate about the international treaty with Canada.  
Albert M. Day, the head of the US Fish and Wildlife Service, testified that the Sea 
Lampreys were but one of many problems facing the Great Lakes and that all could be 
effectively addressed under an international body. Rep. Weichel reacted by accusing Day of 
wanting to give away US resources to Canada by perpetuating “just another one of these ‘do 
good’ businesses, to give something to everybody else in the world….That is just what you have 
done in this thing in which you have urged and worked on for about 15 years, scheming against 
the ownership of the States” (US Congress 1950, pp. 4-5). He further accused Day and John Van 
Oosten of a Federal conspiracy to take away State property: 
 
These [fisheries and wildlife resources] belong to the States. This is State 
property. You go out and want to take away from States something that 
they own—a part of this New Deal philosophy to give away everything. 
That belongs to the States. That is not something that belongs to the 
Federal Government….I do not know what your background is about 
giving away the American rights or how far back it goes with reference to 
either you or Van Oosten, but it has been a scheme with you two for a 
number of years trying to give away American fisheries to the British, 
instead of trying to regulate them federally if somebody didn’t do it to your 
satisfaction in the States with reference to what they own themselves. (US 
Congress 1949, pp. 6-8) 
 
 Rep. Weichel was convinced that the international treaty was politically 
motivated by a small group of adherents to the “New Deal philosophy”. After Oliver 
Smith, a commercial fisherman of Smith Bros., testified that the Sea Lamprey problem 
was best addressed by an international body, Rep. Weichel exclaimed, “I want some 
investigation of the background of the Fish and Wildlife as to what lobbying they have 
been doing—and this gentleman has been for 20 years—and the whole history of this. 
There is nothing in the congressional law that told those people to go out and lobby to 
give half of it away to England. But they have been doing that. And this gentleman has 
been doing it since about 1928 when there was a shortage of herring in Lake Erie” (US 
Congress 1947, p. 33). He was adamant that something had to be done about the Sea 
Lamprey but insisted that an international regulatory body was not the solution. And he 
                                                 
29 Rep. Bradley died unexpectedly in 1947 and was replaced by Charles Potter, a Republican (US Congress 1950). 
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was absolutely sure that Van Oosten and the US Fish and Wildlife Service were 
determined to take the fisheries from the control of the states in order to share them with 
Canada. In order to force the US Fish and Wildlife Service to concentrate their efforts 
on Sea Lampreys, Rep. Charles Potter passed a resolution instructing the agency to 
eradicate the Sea Lampreys and increased the funding of the eradication program 
tenfold (US Congress 1949, p. 7277).  
 
 An International Treaty to Eradicate Sea Lampreys 
 
Meanwhile, efforts to ratify the treaty of 1946 continued. Proponents appealed to the widespread 
concern about the Sea Lampreys as an additional reason for immediately passing a treaty with 
Canada to regulate the Great Lakes. The Wisconsin Conservation Department submitted a 
resolution to the Senate endorsing the ratification of the treaty in order to address the Sea 
Lamprey problem as well as fishery problems, such as the unregulated use of nylon fishing nets 
(US Congress 1949, p. 14290). The Izaak Walton League of America also referenced Sea 
Lampreys, in addition to overfishing and pollution, in their endorsement of ratifying the treaty 
(US Congress 1950 p. 6212). Fisheries biologists, conservationists, and fishermen were in 
agreement that the Sea Lampreys must be addressed in the Great Lakes, but the industry 
remained unbendingly opposed to regulation of the fisheries by an international body. 
 The treaty of 1946 remained unratified in the Senate for the remainder of the Truman 
administration, while the Sea Lamprey control program continued under the US Fish and 
Wildlife Service (Applegate 1950, 1951). New studies correlated the decline in Lake Trout in 
Lake Michigan and Huron with the first observations of Sea Lampreys (Hile 1949; Hile et al. 
1951). The New York Times reported that the Sea Lampreys were destroying up to $2.5 million 
of Lake Trout each year (“$2,500,000 Trout Loss” 1950). Although some biologists questioned 
whether the Sea Lampreys were responsible for the decline of Lake Trout (e.g., Van Oosten 
1949; Trautman 1950; Langlois 1951; Mills 1953), the overwhelming view was that Sea 
Lampreys were solely responsible for the decline in the Great Lakes fisheries (Applegate 1951). 
Nevertheless, the US Fish and Wildlife Service under Albert M. Day’s leadership continued to 
advocate for ratification of the 1946 treaty. Yet, by the end of President Truman’s term there was 
little hope that the much needed regulatory measures for overfishing and pollution would be 
implemented.  
The incoming Eisenhower administration (1953-1961) prioritized the eradication of Sea 
Lampreys and considered fishing regulations as a secondary concern. By the early 1950s, 
commercial fishermen were still opposed to the treaty of 1946 due to the regulatory powers that 
it granted Canada (“Propose International Treaty” 1953). Therefore, the Eisenhower 
administration negotiated a new treaty that concerned only the eradication of the Sea Lampreys 
and that did not include the regulatory provisions. Commercial fishermen were in favor of a 
large-scale effort to rid Sea Lampreys and industry organizations, such as the Michigan Fish 
Producers Association, endorsed the new treaty (Michigan 1953). Nevertheless, sport and 
commercial fishermen from Ohio were strongly opposed to international governance 
(“Negotiations” 1953). 
At good last and finally, a treaty was signed by the US and Canada on September 10, 
1954 and was ratified the following October in 1955. It established a joint commission with three 
representatives from both the US and Canada. One of the US representatives was Claude Ver 
Duin, the commercial fisherman with the Michigan Fish Producers Association who had testified 
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against the regulatory measures of the 1946 treaty. The treaty had no regulatory power and was 
dedicated to the eradication of Sea Lampreys. It was the first successful treaty agreement 
between the US and Canada on management of the Great Lakes and, yet, it addressed none of the 
concerns that had been raised over the previous 80 years.   
 
 An Intersection of Interests 
 
There were three developments between 1946 and 1955 that contributed to the successful 
passage of the international treaty to eradicate Sea Lampreys: First, a shift in political power 
from commercial to sports fishermen; second, the Eisenhower administration’s unabashedly pro-
business stance; and third, the US Fish and Wildlife Service, having been emasculated during the 
first year of the Eisenhower administration. Each of these developments prepared the ground for 
the passage of a treaty that benefitted sports fishermen and related businesses without 
protestations from the Fish and Wildlife Service. By blaming the Sea Lampreys for the demise of 
the Great Lakes fishery, sportsmen and businesses could support the creation of a new Federal 
agency without being labeled as pro-big government, which was a politically disadvantageous 
position during the Republican administration of Eisenhower, and the Fish and Wildlife Service 
could be productively used to serve the interests of sports fishermen.   
 
 The Political Power Shift from Commercial to Sports Fishermen 
 
The relationship between the commercial and sports fishermen of the Great Lakes had been 
antagonistic for years. John Van Oosten (1941), a biologist for the US Fish and Wildlife Service, 
predicted that the sports fishing industry would become more important than the commercial 
fishing industry in the Great Lakes region, because sports fishermen brought in greater monetary 
returns per fish caught. He, therefore, recommended that the sports fishing industry be 
encouraged and supported and that regulations should be considered for protecting game fish. 
Sports fishermen lobbied for closed seasons on game fish to prevent them from being caught by 
commercial fishermen. Commercial fisherman viewed this as a direct threat to their livelihoods 
and vigorously opposed such regulations (Van Oosten 1941).  
World War II reduced some of the tension between the two groups, but the dwindling 
supply of fish, which were valued by the commercial and sports fishermen alike, such as the 
Lake Trout, brought a renewed sense of conflict. Since both groups depended on the 
conservation of the same resource, biologists attempted a truce between the sport and 
commercial fishermen (e.g., Jackson 1944; Alphen 1946). However, the influence of commercial 
fishermen, which numbered only about 130,000, on the state legislatures was much less than that 
of the sports fishermen, which numbered nearly 15 million (Alphen 1946). Hence, state 
legislatures were more likely to pass regulations limiting commercial fishing of game fish than 
those expanding the commercial fisheries. However, the precipitous decline in fish stocks meant 
that any regulations would apply to all fishermen. 
 
 Business Interests and the US Fish and Wildlife Service 
 
The US Fish and Wildlife Service became a common enemy for commercial and sports 
fishermen after World War II. On April 1, 1946, Albert M. Day was appointed as the new head 
of the US Fish and Wildlife Service. He had served with the Service since 1919 and was 
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concerned about the toll the War had taken on the wildlife and fish populations in the country 
(Day 1947). He pushed for increased hunting and fishing restrictions, which made him and the 
Service despised and hated by commercial and sporting organizations. He ran afoul of the 
influential hunting organization Ducks Unlimited for his insistence that tighter restrictions be 
placed on duck hunting seasons and bag limits (Camp 1946, “Duck Shortage” 1946; Camp 
1950). Day and the Fish and Wildlife Service enforced regulations in the name of conservation 
during the Truman administration, but the subsequent administration was friendlier to the 
sporting industry and drastically reorganized the Service. 
As the director of the US Fish and Wildlife Service, Day held a civil service position, 
which protected him from presidential politics. The Eisenhower administration accused the 
Truman administration of stacking civil service positions with Democrats (Kennedy 1953), 
which was not entirely untrue (e.g. Knowles 1951, 1952), and reorganized a large part of the US 
government by reclassifying some civil service positions as presidential appointments. As a 
consequence of the reorganization, the director of the Fish and Wildlife Service was reclassified 
as a presidential appointment.  
The Fish and Wildlife Service was administered by the Department of the Interior, which 
was run by Douglas McKay under Eisenhower. McKay was a close friend to business groups, 
including sports fishermen, and strongly advocated for turning natural resources over to private 
development (“McKay to Broaden” 1953). This earned him the nickname, the “give-away king”. 
He, therefore, clashed with Day’s strict conservation policies on hunting and fishing and 
demoted him on April 19, 1953 (“McKay Under Fire” 1953). The dismissal of Albert Day drew 
outrage from scientists, including the conservationist Rachel Carson who described his dismissal 
as “an ominous threat to the course of conservation and strongly suggests that our national 
resources are to become political pawns” (“McKay Under Fire” 1953). The New York Times 
reported that the pressure to remove Day came from California sportsman organizations and the 
Pacific salmon industry (“McKay Under Fire” 1953).  
Albert Day, a biologist, was replaced by John Farley, a public relations officer for the 
paper manufacturing company Crown Zellerbach Corporation, who had a bachelor’s degree in 
electrical engineering, as director of the US Fish and Wildlife Service (“Wildlife Chief” 1953). 
Farley was sworn in on May 25, 1953 in front of witnesses who included 60 or more business 
associates and representatives of the Pacific Northwest fishing industry. Under Farley’s 
leadership, the Service immediately began a program to eradicate all wolves from Alaska 
(“Scientists Aloof” 1953) and relaxed regulations on duck hunting.30 
The rise of the sportsman and the sports fishing industry and the election of a business-
friendly administration, which gutted the Federal agency responsible for promoting and 
enforcing conservation measures, paved the way for the passage of the 1956 treaty to eradicate 
the Sea Lampreys in the Great Lakes. Although some biologists felt that the Sea Lamprey 
problem was overhyped and that it detracted attention from more important causes for the demise 
of the Great Lakes (e.g., Langlois 1951), the institution that had led the fight for regulations to 
curtail the overfishing and pollution that had cursed the Great Lakes for a hundred years was 
vanquished. The US Fish and Wildlife Service was repurposed to serve the interests of sports 
fishermen, who wanted Sea Lampreys eradicated so that the filets of fish caught by fishermen 
would look pristine without the scars created by lampreys. By dedicating funds to eradicate Sea 
Lampreys, the treaty of 1956 subsidized the sports fishing industry and what remained of the 
                                                 
30 Operation Umiat was developed to “wolf-proof Alaska”. Between March and May of 1953, hunters tracked and 
killed 259 wolves by shooting them with 12-gauge shotguns from thirty planes (“Scientists Aloof” 1953).    
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commercial industry. The official position of the US Government was that the sole cause for the 
decline of the Great Lakes were Sea Lampreys; overfishing and pollution were not considered to 
be contributing factors. 
 
 Blame Them, Not Us 
 
The scapegoating of Sea Lampreys by policy makers, fisheries biologists, and fishermen is just 
one case study of humans blaming nature for the consequences of the exploitative behavior of 
humans (for other examples, see Table 8.5). The Sea Lampreys arrived in an environment that 
was already on the brink of collapse. Overfishing and pollution for almost 100 years had 
provided a strong basis for the need of establishing federal and international regulations of the 
Great Lakes. But, regulations would restrict the profitability of commercial fishing and the 
ability of sports fishermen to enjoy their activities without hindrance. The conservation 
departments of the states were ill-suited to manage the entire Great Lakes region, but the US Fish 
and Wildlife Service was also understaffed and underfunded. The arrival of the Sea Lampreys 
into the Great Lakes region brought federal funding to the region, which enriched fishermen and 
businesses, while providing a scapegoat for avoiding fishing regulations. The “sinister” 
appearance of Sea Lampreys were also effective public relations tools and provided an image of 
a menace and destructive predator that was easy to demonize. As symbols of the Great Lakes 
demise, they helped win public support for the passage of key policies. As a result, humans were 
able to escape responsibility for destroying the ecosystem and resources of the Great Lakes.  
 Sea Lampreys have since become the paradigmatic exemplars of the destruction that can 
be caused by an invasive species and are currently being targeted for eradication in Lake 
Champlain and the Finger Lakes, where they are accused by sports fishermen of killing salmon. 
Labeling a species as invasive is a value judgment about whether they should be allowed to 
inhabit a given locality, but it does not reflect biology (Sagoff 2005, 2018). Rather, it reflects the 
preferences of humans, which may be motivated by financial (i.e., commercial fishermen) or 
entertainment (i.e., sports fishermen) interests. As the indigenous status of Sea Lampreys to Lake 
Champlain becomes increasingly supported by biological evidence (see Chapter 7; Waldman et 
al. 2006), officials are having to admit that the eradication efforts are primarily about human 
interests. For example, the Department of Environmental Conservation of New York states that, 
“whether the sea lamprey is native to Lake Champlain or not, it is having detrimental impacts on 
the Lake Champlain fisheries, ecosystem, and human residents that are very significant” 
(emphasis mine; “Sea Lamprey” 2019). 
  There is a long history of the psychological motivation for humans to resist responsibility 
and to find a scapegoat. By shifting blame to others, responsibility is avoided as is the guilt for 
having committed a wrong. The most effective method for assigning blame is to choose a target 
that cannot defend itself and that is unlikely to be defended by anyone. Sea Lampreys, with their 
snake-like bodies and mouths full of menacing teeth, were the perfect villains in a time terrified 
by the threat of communism and “un-American” activities. Yet, we can no longer afford to blame 
nature for our misdeeds as climate change, habitat destruction, and rapid species extinction is 
occurring. Instead, we must correct our destructive behavior and resist the urge to interfere with 
natural systems for the sake of short-sighted human interests. As previous civilizations have 
learned, bending nature to human will and whim results in catastrophe for all (Diamond 2005).  
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Table 9.5. Examples of organisms serving as scapegoats for the destructive behavior of humans 
Year Organism  Reason Source 
2018 Double-crested 
Cormorant 
(Phalacrocorax 
auritus) 
Cormorants are accused of reducing the 
number of fish in the Great Lakes region, 
which is of concern to commercial fishermen 
and property owners. In 2018, a hunting season 
for cormorants was proposed as a solution to 
the cormorant threat.  
ERO 013-4124, Proposal to establish a hunting season 
for double-crested cormorants in Ontario, 
Environmental Registry of Ontario, 
https://ero.ontario.ca/notice/013-4124; Shwiff et al. 
2015 
1980s-
today 
Spiny-dogfish 
Shark (Squalus 
acanthias) 
Spiny-dogfish sharks are accused of 
depredating fish caught in fishermen nets.  
Tallack and Mandelman 2009; Rafferty et al. 2012 
1950s Bobcat (Lynx 
rufus) 
Bobcats are accused of eating game animals 
and depriving hunters of trophy specimens.  
Gowanloch 1950b 
1950s White Ibis 
(Eudocimus 
albus) 
White Ibis is accused of eating crayfish and 
depleting the stock of crayfish farmers. 
Gowanloch 1950c 
1941 Gar 
(Lepisosteidae) 
Gar are accused of destroying game fish. Gowanloch 1941 
1880s Snakes 
(Serpentes) 
Snakes are accused of eating carp. US Fish Commission, 1883, p. 294 
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 Conclusions 
 
This dissertation with its several chapters studied the functional, ecological and evolutionary 
morphology of the trunk of Sea Lampreys (Petromyzon marinus) as well as its relevance in 
understanding the environmental history of landlocked lamprey populations.  
The functional-morphological study revealed that the fibroskeleton of the trunk is a self-
supporting concatenated system of fibers, which creates a scaffold for the musculature and 
transmits contraction forces that bend the trunk during undulatory swimming. The ecological-
morphological study demonstrated the adaptive advantage of the fibroskeleton’s architecture, 
which enables the range of movements that are performed during migration and spawning and 
gives lampreys the capacity to pass turbulent water and colonize upstream realms. These results 
help explain the evolutionary morphology of lampreys, which likely originated in freshwater as 
algal feeders and evolved into parasites after going through an intermediary scavenging stage. 
The gradual evolution of an increasingly active lifestyle while maintaining a relatively simple 
diet resulted in only minor modifications of their trunk anatomy, which enabled a diverse range 
of motions for surviving within rivers and streams. When these insights are applied to the 
evolution of landlocked Sea Lampreys, it becomes evident that their entry into freshwater lakes 
occurred as soon as they were able to reach them and that lamprey populations are likely to have 
become established in Lake Ontario, Lake Champlain, and the Finger Lakes thousands of years 
ago. This insight undermines the current status of landlocked Sea Lampreys as invasive species 
in these lakes and the case for their eradication. Hence, this dissertation provides a 
comprehensive and integrative analysis of lamprey biology from their anatomy to environmental 
policy. 
 The proposed functional hypotheses about and the biomechanical model of the 
fibroskeleton of Sea Lampreys are open to be tested by additional observations, such as the 
integration of the morphology of the muscle fibers within the myomeres, or by the application of 
experimental techniques, such as electromyography. They can also be indirectly tested through 
comparisons with analogous studies of the trunk skeleto-musculature of the trunk of other 
piscine vertebrates that also undulate with a segmented trunk, such as eels and sharks. For 
example, the fibrous construction of the dermis in eels (Anguilliformes; Fishelson 1996) and Sea 
Lampreys (see Chapter 6) is remarkably similar, which suggests that the dermis is subject to 
similar constructional constraints and evolved a similar constructional solutions to the common 
biomechanical problem of anchoring a scale-less integument while enabling it to stretch during 
undulatory swimming. As another example, the myosepta in sharks are more complexly folded 
than in lampreys, but preliminary data suggests that they too are part of a concatenated 
fibroskeleton (Andermann 2009; Wood et al. 2012). 
 The study of the ecological morphology of the lamprey trunk and the ethogram of their 
behaviors reveal a much more complex system of social interactions than is usually attributed to 
lampreys, who are seen as “primitive” representatives of early vertebrate brain evolution 
(Sugahara et al. 2017). Yet, their complex social interactions and their actions that are based on 
obvious decisions that lampreys make during their spawning phase indicate a cognitive capacity 
similar to that of sharks and bony fishes and may explain the similar level of encephalization in 
lampreys and teleost fishes (see Salas et al. 2017).      
 The adaptive scenarios about the evolutionary morphology of lampreys establish a 
working framework that explains the adaptive significance of their morphology and can be tested 
against new lamprey fossils and new observations and data. Since lampreys are believed to have 
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diverged from vertebrates over 500 million years ago (Kuraku and Kuratani 2006; Miyashita et 
al. 2019) and since their fossil record is poor, many uncertainties remain about their early 
evolution and their relationship to vertebrates, but an adaptive scenario for their evolution 
provides a basis for posing testable predictions, such as that lampreys originated in freshwater 
and that the buccal funnel originated for feeding on algae.  
 Morphology is a powerful tool for understanding the function, ecological role, and 
adaptive significance of organismal structures. It synthesizes comprehensive anatomical 
descriptions with biomechanical, behavioral and evolutionary principles to explain structure and 
function within the context of the natural environment and selective regimes. As an integrative 
discipline, it incorporates developmental biology, histology, physiology, neurobiology, 
paleontology, and ethology to provide a holistic understanding and explain the construction and 
evolution of organisms.  
Future work will expand the morphological analysis of the Sea Lamprey trunk to include 
physiological studies of their movements. Additional behavioral observations are also needed to 
explore the selective regimes at different phases of life history. Similar morphological analyses 
on gnathostomes, such as sharks (Elasmobranchii), sturgeons (Acipenseridae), and bowfins 
(Amiidae), would enable functional and evolutionary comparisons that would provide insight 
into the origin and evolution of vertebrate morphology. 
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